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PREFACE TO FIFTH EDITION 


Although the first edition of this work was published less than a 
decade ago, the development of the Steam Power Plant has been so 
rapid that nearly all of the descriptive matter and a considerable portion 
of the data of this early edition became obsolete shortly after publica- 
tion. Revisions in 1909, 1911, and in 1913 failed to keep pace with the 
art, and the task of recording correct practice appeared to be a hopeless 
one. Fortunately radical changes during the past two years have been 
less marked and many of the elements entering into the modern Steam 
Power Plant have virtually reached the limit of efficiency, and some 
degree of stability may be expected from now on. It is quite unlikely 
that the Steam Power Plant of the immediate future will differ radically 
from the latest type already in operation, though increased boiler 
pressure, forced boiler capacity and the use of powdered low-grade fuel 
may effect minor changes. 

The same treatment of the subject has been followed in this edition 
as in earlier issues, but the book is to all intents and purposes a new one. 
Particular stress has been laid upon the subject of Fuels and Combustion 
and supplementary chapters on Elementary Thermodynamics, Proper- 
ties of Steam, and Properties of Dry and Saturated Air have been 
added at the request of practicing engineers. Numerous examples have 
been incorporated in the text, and the addition of typical exercises and 
problems may prove of value to the instructor. The scope of the work 
has been greatly enlarged, and with the exception of a few minor sections 
the entire text has been rewritten and reset. An extended study of 
certain portions of the work is facilitated by numerous references to 
current engineering literature. 

G. F. G. ' 

Chicago, Illinois, 

November, 1917. 
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CHAPTER I 

ELEMENTARY STEAM POWER PLANTS 

1. General. — By far the greater part of the mechanical and electrical 
energy generated for commercial purposes is furnished by the steam 
power plant. Despite the tremendous progress of the internal combus- 
tion engine and the rapid development of water power the steam plant 
is more than holding its own. 

The most efficient plant, thermally, in the conversion of energy 
from one form to another, is not necessarily the most economical com- 
mercially, since the various items involved in effecting this conversion 
may more than offset the gain over a less efficient plant. There is no 
question as to the low operating cost of power generated by hydro-elec- 
tric plants, but when the cost of transmission and the overhead charges 
are taken into consideration the economy is not so evident and may be 
completely neutralized. From a purely thermal standpoint the Diesel 
engine electric plant is superior to the best steam-electric plant for power 
purposes, but the fuel item is only one of the many involved in the total 
cost. It is the commercial efficiency which enables the steam power 
plant, with its extravagant waste of fuel, to compete successfully with 
the gas producer, internal-combustion engine and hydro-electric plant. 

A station which distributes power to a number of consumers more 
or less distant, is called a Central Station. When the distances are 
very great, electrical current of high tension is frequently employed, and 
is transformed and distributed at convenient points through Sub- 
stations: A plant designed to furnish power or heat to a building or a 
group of buildings under one management is called an Isolated Station. 
For example, the power plant of an office building is usually called an 
isolated station. 

When the exhaust steam from the engines is discharged at approxi- 
mately atmospheric pressure the plant is said to be operating non- 
condensing. When the exhaust steam is condensed, reducing the back 

1 
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pressure on the piston by the partial vacuum thus formed; the plant is 
said to operate condeming, 

^Taeii the exhaust steam may be used for manufacturing, heating, or 
other useful purposes, as is frequently the case in various manufacturing 
establishments, and in large office buildings, it is usually more eco- 
nomical to run non-condensing, while power plants for electric lighting 
and power, pumping stations, air-compressor plants, and others, in 
which the load is fairly constant and the exhaust steam is not required 
for heating, are generally operated condensing. 



2. Elementary Non-condensing Plant. — Eig. 1 gives a (liagramrnutic? 
outline of the essential elements of the simplest form of steam powc^r 
plant. The equipment is complete in every respect an<l ombodii^s all 
the accessories necessary for successful operation. Wher(^ a small 
amount of power is desired at intermittent periods, as in iioistiag 
systems, threshing outfits and traction machinery, the arraugc^.mcavi is 
substantially as illustrated. The output in these cas(^s seldom c^xc(hhIs 
50 horsepower and the time of operation is usually short, so thct 
of appliances are installed, simplicity and low first cost being more im- 
portant than economy of fuel 
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Such a plant has three essential elements: (1) The furnace^ (2) the 
boiler^ and (3) the engine. Fuel is fed into the furnace, where it is 
burned. A portion of the heat liberated from the fuel by combustion 
is absorbed by the water in the boiler, converting it into steam mider 
pressure. The steam being admitted to the cylinder of the engine does 
work upon the piston and is then exhausted through a suitable pipe to 
the atmosphere. The process is a continuous one, fuel and water 
being fed into the furnace and the boiler in proportion to the power 
demanded. 

In such an elementary plant, certain accessories are necessary for 
successful operation. The grate for supporting the fuel during com- 
bustion consists of a cast-iron grid or of a number of cast-iron bars 
spaced in such a manner as to permit the passage of air through the 
fuel from below. The sohd waste products fall through or are sliced 
through the grate bars into the ash pit, from which they may be re- 
moved through the ash door. The latter acts also as a means bf regu- 
lating the supply of air below the grate. Fuel is fed into the furnace 
through the fire door, and when occasion demands, air may be supplied 
above the bed of fuel by means of this door. The combustion chamber 
is the space between the bed of fuel and the boiler heating surface, its 
office being to afford a space for the oxidation of the combustible gases 
from the solid fuel before they are cooled below ignition temperature by 
the comparatively cool surfaces of the boiler. The chimney or stack 
discharges the products of combustion into the atmosphere and serves 
to create the draft necessary to draw the air through the bed of fuel. 
Various forced-draft appliances are sometimes used to assist or to en- 
tirely replace the chimney. The heating surface is that portion of the 
boiler area which comes into contact with the hot furnace gases, absorbs 
the heat and transmits it to the water. In the small plant illustrated 
in Fig. 1, the major portion of the heating surface is composed of a num- 
ber of fire tubes below the water line, through which the heated gases 
pass. The superheating surface is that portion of the heating surface 
which is in contact with the heated gases of combustion on one side 
and steam on the other. The volume above the water level is called the 
steam space. Water is forced into the boilers either by a feed pump 
or an injector. In small plants of the type considered, steam pumps 
are seldom employed; the injector answers the purpose and is con- 
siderably cheaper. A safety valve connected to the steam space of the 
boiler automatically permits steam to escape to the atmosphere if an 
excessive pressure is reached. The water level is indicated by try 
cocks or by a gauge glass, the top of which is connected with the steam 
space and the bottom with the water space. Try cocks are small valves 



STEAM POWER PLANT ENGINEERING 


placed in the water column or boiler shell, one at normal water level, 
one above it, and one below. By opening the valves from time to time 
the water level is approximately ascertained. They are ordinarily 
used in case of accident to the gauge glass. Fusible 'plugs are frequently 
inserted in the boiler shell at the lowest permissible water level They 
are composed of an alloy having a low fusing point which melts when 
in contact mth steam, thus giving warning by the blast of the escaping 
steam if the water level gets dangerously low. The blow-off cock is a 
valve fitted to the lowest part of the boiler to drain it of water or to 
discharge the sediment which deposits in the bottom. The steam out- 
let of a boiler is usually called the steam nozzle. 

The essential accessories of the simple steam engine incMde: A 
thTottle valve for controlling the supply of steam to the engine, the 
governor, which regulates the speed of the engine by governing the 
steam supply; the lubricator , attached to the steam pipe, which is 
usually of the '' sight-feed class and provides for lubrication of piston 
and valve. Lubrication of the various bearings is effected by oil cups 
suitably located. Drips are placed wherever a water pocket is apt to 
form in order that the condensation may be drained. The apparatus 
to be driven by the engine may be direct connected to the crank shaft 
or belted to the flywheel or geared. 

In small plants of this type no attempt is made to utilize the exhaust 
steam except in instances where the stack is too short to create the 
necessary draft, in which case the exhaust may be discharged up the 
stack. If the draft is produced by convection of the heated gases in 
the chimney, the fuel is said to be burned under natural draft; if the 
natural draft is assisted by the exhaust steam, the fuel is said to l)e 
burned under forced draft The power realized from a given wciglit of 
fuel is very low and seldom exceeds 2^ per cent of the heat valuer ol the 
fuel. The distribution of the various losses in a plant of, say, 40 horses 
power is approximately as follows: 


Heat value of 1 pound of coal 

Boiler and furnace losses, 50 per cent 

Heat equivalent of one horsepower-hour 

Heat used to develop one horsepower-hour (50 pouiKls 
per horsepower-hour, pressure 80 pounds gauge, PkhI wa(<(U’ 
67 deg. fahr.) . 

Percentage of heat of the steam realized as work, 

’ 2 r>4(; 

Percentage of heat value of the coal realized as work, 


14,500 

7,250 

2,546 


57,500 

Per 

4.4 

2.2 


In Europe small non-condensing plants are chwedopod to a high 
degree of efficiency. Through the use of highly suporlu^.atcd Htc^anq 
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specially designed engines and boilers, plants of this type as small as 
40 horsepower are operated with over-all efficiencies of from 10 to 12 
per cent. 

The power plant of the modern locomotive is very much like that 
illustrated in Fig, 1, the main difference l^-ung in the type of boiler and 
engine. The entire exhaust from the engine is discharged up the 
stack through a suitable nozzle, since the extreme rate of combustion 
requires an intense draft. The engine is a highly efficient one com- 
pared with that in the illustration, and the performance of the boiler is 
more economical. In average locomotive practice about 5 per cent of 
the heat value of the fuel is converted into mechanical energy at the 
draw bar.* In general, a non-condensing steam plant in which the 
heat of the exhaust is wasted is very uneconomical of fuel, even under 
the most favorable conditions, and seldom transforms as much as 7 per 
cent of the heat value of the fuel into mechanical energy. 

3. Non-condensing Plant. Exhaust Steam Heating. — Fig. 2 gives a 
diagrammatic arrangement of a simple non-condensing plant differ- 
ing from Fig. 1 in that the exhaust steam is used for heating purposes. 
This shows the essential elements and accessories, but omits a number 
of small valves, by-passes, drains, and the like for the sake of sim- 
plicity, The plant is assumed to be of sufficient size to warrant the 
installation of efficient appliances. Steam is led from the boiler to 
the engine by the deam main. The moisture is removed from the 
steam before it enters the cylinder by a stea7n separator. The moisture 
drained from the separator is either discharged to waste or returned to 
the boiler.. The exhaust steam from the engine is discharged into the 
exhaust main where it mingles with the steam exhausted from the steam 
pumps. Since the exhaust from engines and pumps contains a large 
portion of the cylinder oil introduced into the live steam for lubricating 
purposes, it passes through an oil separator before entering the heat- 
ing system. After leaving the oil separator the exhaust steam is di- 
verted into two paths, part of it entering the feed-water heater where 
it condenses and gives up heat to the feed water, and the remainder 
flowing to the heating system. During warm weather the engine 
generally exhausts more steam than is necessary for heating purposes, 
in which case the surplus steam is automatically discharged to the 
exhaust head through the hack-pressure valve. The back-pressure valve 
is, virtually, a large weighted check valve which remains closed when 
the pressure in the heating system is below a certain prescribed amount, 
but which opens automatically when the pressure is greater than this 
amount. During cold weather it often happens that the engine ex- 
* Best modern practice gives about 8 per cent as a maximum. 
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haust is insufficient to supply the heating system, the radiators con- 
densing the steam more rapidly than it can be supphed. In this case 
live steam from the boiler is automatically fed into the main heating 
supply pipe through the reducing valve. 

The condensed steam and the entrained air which is always present 
are automatically discharged from the radiators by a thermostatic valve 
into the returns header. The thermostatic valve is so constructed that 
when in contact with the comparatively cool water of condensation it 
remains open and when in contact with steam it closes. The vacuum 
pump or vapor pump exhausts the condensed steam and air from the 
returns header and discharges them to the returns tank. The small 
pipe S admits cold water to the vacuum pump and serves to condense 
the heated vapor, and at the same time supply the necessary make-up 
water to the system. The returns tank is open to the atmosphere so 
that the air discharged from the vacuum pump may escape. From 
the returns tank the condensed steam gravitates to the feed-water 
heater where its temperature is raised to practically that of the exhaust 
steam. The feed water gravitates to the feed pump and is forced into 
the boiler. There are several systems of exhaust steam heating in cur- 
rent practice which differ considerably in details, but, in a broad sense, 
are similar to the one just described. The more important of these 
will.be described later on. 

During the summer months when the heating system is shut down, 
the plant operates as a simple non-condensing station and practically 
all of the exhaust steam, amounting to perhaps 80 per cent of the heat 
value of the fuel, is wasted. The total coal consumption, therefore, is 
charged against the power developed. During the winter months, 
however, all, or nearly all, of the exhaust steam may be used for heating 
purposes and the ‘power becomes a relatively small percentage of the 
total fuel energy utilized. The percentage of heat value of the fuel 
chargeable to power depends upon the size of the plant, the number 
and character of engines and boilers, and the conditions of operation. 
It ranges anywhere from 50 to 100 per cent for the summer months 
and may run as low as 6 per cent for the winter months. This is on the 
assumption, of course, that the engine is debited only with the differ- 
ence between the coal necessary to produce the heat entering the cyl- 
inder and that utilized in the heating system. 

4. Bleineiitary Condensing Plant. — Under the most favorable con- 
ditions a non-condensing plant cannot be expected to realize more 
than 10 per cent of the heat value of the fuel as power. In large non- 
condensing power stations the demand for exhaust steam is usually 
limited to the heating of the feed water, and as only 12 or 15 per cent 
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can be utilized in this manner, the greater portion of the heat in the 
exhaust is lost. Non-condensing engines using saturated steam require 
from 20 to 60 pounds of steam per hour for each horsepower developed. 
On the other hand in condensing engines the steam consumption may 
be reduced to as low as 10 pounds per horsepower-hour. The saving of 
fuel is at once apparent. 

Fig. 3 gives a diagrammatic arrangement of a simple condensing plant 
in which the back pressure on the engine is reduced by condensing 
the exhaust steam. A different type of boiler from that in Fig. 1 or 
Fig. 2 has been selected, for the purpose of bringing out a few of the 
characteristic elements. The products of combustion instead of pass- 
ing directly through fire tubes to the stack as in Fig. 1 are deflected 
back and forth across a number of water tubes j by. the bridge wall and a 
series of baffles. After imparting the greater part of their heat to the 
heating surface the products of combustion escape to the chimney 
through the breeching or flue. The rate of flow is regulated by a damper 
placed in the breeching as indicated. 

The steam generated in the boiler is led to the engine through the 
mam header. The steam is exhausted into a condenser in which its 
latent heat is absorbed by injection or cooling water. The process 
condenses the steam and creates a partial vacuum. The condensed 
steam, injection water, and the air which is invariably present are with- 
drawn by an air pump and discharged to the hot well. In case the 
vacuum should fail, as by stoppage of the air pump, the exhaust steam 
is automatically discharged to the exhaust head by the atmospheric 
relief valve, and the engine will operate non-condensing. The atmos-- 
pheric relief valve is a large check valve which is held closed by atmos- 
pheric pressure as long as there is a vacuum in the condenser. When 
the vacuum fails the pressure of the exhaust becomes greater than that 
of the atmosphere and the valve opens. 

The feed water may be taken from the hot well or from any other 
source of supply and forced into the heater. In this particular case it is 
taken from a cold supply and upon entering the heater is heated by the*, 
exhaust steam from the air and feed pumps. From the heater it gravi- 
tates to the feed pump and is forced into the boiler. Various otlier 
combinations of heaters, pumps, and condensers are necessary in many 
cases, depending upon the conditions of operation. Feed pumps, air 
pumps, and in fact all small engines used in connection with a steam 
power plant are usually called auxiliaries. 

A well-designed station similar to the one illustrated in Fig. 3 is 
capable of converting about 12 per cent of the heat value of the fuel 
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Fig. 3, Elementary Condensing Plant (Reciprocating Engine) 
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into mechanical enexgy. The various heat losses under average con- 
ditions are approximately as follows: 

BOILER LOSSES. 

Loss due to fuel faUmg through the grate 

Loss due to incomplete combustion 

Loss to heat carried away in chimney gases 

Radiation and other losses 

Total 

Heat used by engines and auxiliaries (16 pounds of steam per 

i.h.p-houx, pressure 150 pounds, feed water 210 deg. fahr 

Engine and generator friction, 5 per cent 

Leakage, radiation, etc., 2 per cent 

Total 

Heat equivalent of one electrical horsepower 

Percentage of the heat value of the steam converted into electrical 

energy 

Percentage of heat value of fuel converted into electrical energy 
2546 X 0.65 

17,387 

One of the best recorded American performances of a reciprocating 
engine steam-electric power plant is that of the Pacific Light and Power 
Company at Redondo, Cal. When operating under regular commer- 
cial conditions approximately 14 per cent of the available heat of the 
fuel (crude oil) is realized as power at the switchboard. This includes 
all standby losses. For a detailed description of the plant and the 
results of the acceptance tests, see Jour, of Elec. Gas and Power, Aug. 
22, 1908. 

Fig. 4 gives a diagrammatic arrangement of one section of a modern 
large turbo-alternator central station. Each section is to all intents 
and purposes an independent plant. It will be noted that the essen- 
tial elements are practically the same as in the reciprocating station 
engine plant, Fig. 3, differing only in size and design. 

The power house, coal storage pile, storage and switch tracks, ovi^r- 
head bunlmrs, and coal and ash conveyors have been omitted for the 
sake of simplicity, though the fuel supply and distributing systcun is 
an important factor in the design and operation of the plant. In the 
very latest designs the entire coal and ash handling equipment is elec- 
trically operated from a centralized board control. Assuming the coal 
bunkers over the boilers to be supplied with fuel, the operation is as 
follows: Coal descends by gravity to the stokers which, in this particular 
case, are of the under-feed, sloping fire-bed type. Ash and clinkcjrs 
are removed by clinker grinders located in a pit and are discJiarged into 
the ash hovmr. Motor-driven blowers siinnlv the air remnVerl for 


Per cent. 

4 

2 

20 

9 

35 

B.t.u. 
16,250 
812 
m 

17,387 

2,546 

Per cent. 

14.7 


9.5 
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Fig. 4. Elementary Turbo-alternator Station. 
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bustion. This air, in some installations, is preheated by the recovery of 
radiation and electrical losses in the turbine room and by radiation from 
the steam pipes. 

The boilers are much larger individually and fewer in number than 
in the old style reciprocating-engine plant and generate steam at 250 
to 300 pounds pressm'e, superheated to approximately 650 deg. fahr. 
When operating the turbines at full load the boilers are driven at 175 to 
200 per cent or more of their commercial rating. Reserve or spare 
boilers are conspicuous by their absence. When a boiler is cut out for 
repairs the rest of the battery is operated at from 225 to 275 per cent 
rating or more in order to evaporate the required amount of water. 
Each battery is designed to furnish steam directly to one particular 
turbine but by means of a cross-over main the steam from any battery 
of boilers may flow to any turbine. 

The 'prime movers are horizontal steam turbines direct connected to 
alternators. The bearings are water cooled and lubrication is auto- 
matically effected by means of a pump connected to the governor shaft. 
Each turbine is normally excited by the main exciter mounted on an 
extension of the generator shaft. The generator field may also be ex- 
cited from an independently driven exciter or from the station storage 
battery. Air, washed and conditioned if necessary, is drawn into the 
generator by the revolving member and absorbs the electrical heat losses. 
The effi-ciency of the generator is very high (96 per cent) and yet be- 
cause of the great amount of energy transformed in the generator this 
4 per cent loss represents a large amount of heat and forced ventilation 
is necessary to prevent overheating. This preheated air may be dis- 
charged to waste or carried through conduits to the forced draft fan. 

The condenser is ordinarily of the surface condensing typo and is 
attached directly below the low pressure end of the turbine. A much 
higher vacuum is maintained in the condensers than in rcciprociating 
engine practice since the turbine gives its best efficiency at low back 
pressures. Condensing water is circulated through the tubes of the 
condenser by motor-driven or steam-driven centrifugal pumps and the 
condensed steam or condensate collected in the hot wells is withdrawn 
by a turbine-driven or motor-driven hot-well pump. Air and non-con- 
densable vapors are removed by a reciprocating dry air pump, steam or 
electrically driven. Rotary air pumps and so called turbo-air pumps 
are also used for this purpose. The hot-well pump discharges the ( 5 on- 
densate into a feed-water heater which receives the steam exhausted 
from the steam driven auxiliaries. The steam turbine-driven centrif- 
ugal boiler feed pump takes its supply from the feed-water lieator and 
delivers it to the boiler. 
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A modern station similar to the one illustrated in Fig. 4^ equipped with 
30,000 kilowatt units, is capable of converting over 18 per cent of the 
heat value of the fuel into electrical energy when operating at its most 
economical load. Under commercial conditions of operation with its 
attendant standby losses the average overall efficiency ranges from 12 
to 16 per cent. 

Condensing Plant with Full Complement of Heat-saving Appli- 
ances. — When fuel is costly it frequently becomes necessary for the 
sake of economy to reduce the heat wastes as much as possible. The 
chimney gases, which in average practice are discharged at a tempera- 
ture between 450 and 550 deg. fahr., represent a loss of 20 to 30 per 
cent of the total value of the fuel. If part of the heat could be re- 
claimed without impairing the draft the gain would be directly propor- 
tional to the reduction in temperature of the gases. Again, in some 
types of condensers all of the steam exhausted by the engine is con- 
densed by the circulating water and discharged to waste. If provi- 
sion could be made for utilizing part of the exhaust steam for feed-water 
heating, the efficiency of the plant could be correspondingly increased. 
In many cases the cost of installing such heat-saving devices would 
more than offset the gain effected, but occasions arise where they give 
marked economy. 

Fig. 5 gives a diagrammatic arrangement of a condensing plant in 
which a number of heat-reclaiming devices are installed. The plant is 
assumed to consist of a number of engines, boilers, and auxiliaries. 
Coal is automatically transferred from the cars to coal hoppers placed 
above the boiler, by a system of buckets and conveyors. These hoppers 
store the coal in sufficient quantities to keep the boiler in continuous 
operation for some time. From the hoppers the coal is fed inter- 
mittently to the stoker by means of a down spout The stoker feeds the 
furnace in proportion to the power demanded and automatically re- 
jects the ash and refuse to the ash pit The ashes are removed from the 
ash pit, when occasion demands, and are transferred to the ash hop- 
per by the same system of buckets and conveyor which handles the coal. 
The ash hopper is usually placed alongside the coal hoppers and is not 
unlike them in general appearance and construction. 

The products of combustion are discharged to the stack through the 
flue or breeching. Within the flue is placed a feed-water heater called 
an economizer j the function of which is to absorb part of the heat from 
the gases on their way to the chimney. The heat reclaimed by the 
economizer varies widely with the conditions of operation and ranges 
between 5 and 20 per cent. Since the economizer acts as a resistance 
to the passage of the products of combustion it is sometimes necessary 
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to increase the draft either by increasing the height of the chinmoy 
or, as is the usual practice, by using a forced-draft system. 

Part of the heat of the exhaust steam is reclaimed by a vacuum healer 
which is placed in the exhaust line between engine and condenser. 
For example, if the feed water has a normal temperature of 60 deg. fahr, 
and the vacuum in the condenser is 26 inches, the vacuum heater wiE 
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raise the temperature of the feed to, say, 120 deg. fahr., thereby effect- 
ing a gain in heat of approximately 6 per cent. If the feed supply is 
taken from the hot well the vacuum heater is without purpose, as the 
temperature of the hot well will not be far from 120 deg. fahr. 

Referring to the diagram, the path of the steam is as follows: From 
the boiler it flows through the boiler lead to the 7 nam header or equaliz- 
ing pipe. From the main header it flows through the engine lead to the 
high-pressure cylinder. The exhaust steam discharges from the low- 
pressure cylinder through the vacuum heater and into the condenser. 
Part of the exhaust steam is condensed in the vacuum heater and gives 
up its latent heat to the feed water. The remainder is condensed by 
the injection water which is forced into the condenser chamber by the 
circulating pump. The condensed steam and circulating water gravitate 
through the tail pipe to the hot well. The air which enters the condenser 
either as leakage or entrainment is withdrawn by the air pump. The 
steam exhausted by the feed pump, air pump, stoker engine, and other 
steam-driven auxiliaries is usually discharged into the atmospheric 
heater, which still further heats the feed water. 

Referring to the feed water, the circuit is as follows : The pump draws 
in cold water at a temperature of, say, 60 deg. fahr., and forces it in 
turn through the vacuum heater, the atmospheric heater, and the 
economizer into the boiler. The vacuum heater raises the temperature 
to 120 deg. fahr., the atmospheric heater increases it to 212 deg. fahr., 
and the economizer still further to about 300 deg. fahr. The heat 
reclaimed by this series of heaters is evidently the equivalent of that 
necessary to raise the feed water from 60 deg. fahr. to 300 deg. fahr., 
or approximately 24 per cent of the total steam supplied. In some 
plants the economizer only is installed; in others the economizer and 
atmospheric heater are deemed desirable; still others utilize all three. 
The distribution of the heat losses in a plant of this type using saturated 
steam and operating under favorable conditions is approximately as 
follows: 

Per Cent. B.t.u. 

Delivered to engine, 15 pounds steam per ji.hp-hour; 


pressure 150 pounds, feed 60 deg. fahr 100 17,482 

Delivered to feed pump 1.5 262 

Delivered to circulating pump 1.5 262 

Delivered to air pump 2 349 

Delivered to small auxiliaries 1.5 262 

Loss in leakage and drips 0.5 87 

Engine and generator friction 5 874 

Radiation and minor losses 1 175 

Total 19,753 



16 STEAM POWER PLANT ENGINEERING 


Returned by vacuum heater 

Returned by atmospheric heater 

Returned by economizer 

Total 

Net heat delivered to engine in the form of steam to pro- 
duce one electrical horsepower, 19,753—4,562 

. . • 1 2,546 

Percentage converted to electrical power 

Boiler eflficiency 

Percentage of heat value of fuel necessary to produce one 

, 2546 X 0 70 

electrical horsepower at switcnboard ■ — T5391 * * ' ' 


Per Cent. B.t.u. 

5 5 1,086 

7 9 1,560 

9 7 1,916 

23.1 4,562 

15,191 

16 7 
70 

11.7 


The preceding figures refer to reciprocating engine plants only and 
give the results of very good practice. So much depends upon the 
size and character of the prime movers, the nature of the fuel, and 
the conditions of operation that no definite figure can be given for the 
percentage of heat converted to power in a given type of station. Six 
per cent represents good average practice in a non-condensing plant 
and 10 per cent in a condensing plant using saturated steam. Pumping 
stations operating continuously under full load have realized as much as 
15 per cent of the total heat value of the fuel, but such performances 
are practically unobtainable in connection with reciprocating engine 
steam-driven electrical power plants with the usual peak loads and low 
yearly load factor. 

Figure 6 gives a diagrammatic arrangement of the essential elements 
of a modern steam turbine plant including the various heat-reclaiming 
devices described in the preceding paragraph. Turbo-generator No. 3 
of the Northwest Station, Commonwealth Edison Company, Chicago, 
Illinois, is a well-known example of this arrangement of prime mover 
and auxiliaries. In the Northwest Station the prime mover is a hori- 
zontal turbine-generator of 30,000 kilowatt rated capacity at 100 per 
cent power factor, with high and low pressure cylinders mounted in 
tandem on the same shaft. The exciter is direct connected to the main 
generator and is rated at 110 kilowatts. Approximately 60,000 cubic 
feet per minute of cooling air are required to ventilate the gcmcrator 
and carry away the electrical heat losses. All bearings arc water cooled 
and the oil supply is automatically maintained by a pump connected to 
the shaft of the governor. The boilers, five in number, arc rated at 
1220 horsepower each, and are equipped with traveling chain grates. 
When operating at full capacity they are capable of delivering about 
400,000 pounds of steam per hour. Steam is generated at a pressure of 
250 pounds gauge and superheated to a final temperature of approxi- 
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Fig. 6. Elementary Steam Turbine Plant with Full Complement of Heat'-reclaiming Devices* 
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nisldy 625 f&h.r. TIi6 ixisin iiGS-dcr is 20 incliGS in dinmctnr nnd 
delivers the steam to the turbine at a velocity of about 8000 feet per 
minute at rated load. The condenser is of the surface type, contains 
50,000 square feet of cooling surface and is attached directly below the 
low pressure tmbine. Circulating water is obtained from the river 
through an intake tunnel fitted with revolving screens. A double 
suction centrifugal pump of 52,000 gallons per minute capacity deliveis 
the water to the condenser against a static head of 15 feet. This pump 
is driven by a 650 horsepower non-condensing turbine at 1500 r.p.m. 
In passing through the condenser the temperature of the circulating 
water is raised approximately 15 degi-ees. The air and condensate are 
withdrawn from the condenser through a single pipe which connects 
with the separating chamber of a combination condensate and air pump 
of the “turbo-air” type. This pump is mounted on the same shaft 
with the turbine-driven circulating pump. The condensate at a tem- 
perature of 85 deg. fahr. is removed from the separating chamber by the 
“condensate” end of the combination pump and delivered to the pre- 
heater or vacuum heater. The air is removed by the “hurling water” 
end of the combination pump and delivered to the hurling water reser- 
voir. The hurling water is used over and over again and servos only 
for the ejection of air. 

' The condensate in passing through the preheater, which is located 
in the condenser near the opening of the exhaust of the low prossurcj 
turbine, has its temperature raised to 100 deg. fahr. After passing 
through the preheater the condensate is discharged into the atmosph'cric 
heater where its temperature is increased to 160 deg. fahr. by the 
exhaust steam from the steam-driven auxiliaries. The overflow from 
the heater is discharged into the hot water reservoir from which a certain 
amount is drawn into the condenser through the agency of an auto- 
matically controlled float located in the heater. This system of drawing 
make-up and overflow water into the condenser becomes inoperative 
when the distance through which the water is to be lifted is sufficiently 
great to cause “vapor binding. ” The higher the temperature of the 
water in the reservoir the lower will be the permissible lift. The ob- 
ject of this arrangement is to maintain a continuous supply to the boilers 
irrespective of the fluctuation in the amount of condensate and to con- 
serve the overflow. The boiler feed pumps arc tm-binc-driven tlmx',- 
stage centrifugal pumps, and at a speed of 2500 r.p.m. are capable of 
delivering 400,000 pounds of condensate into the economizers at a 
pressure of 315 pounds gauge. Each boiler has its own economizer 
and independently driven induced draft fan. Each economizer c, on- 
tains 7300 square feet of heating surface and is inserted betweem tlio 
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boiler and the breaching. The feed water is raised from a temperature 
of 160 deg. fahr. to 270 deg. fahr. in passing through the economizers. 
The five 100 horsepower motor-driven induced-draft fans maintain a 
draft in the boiler uptakes of 2.4 inches and are capable of handling 
90,000 cubic feet of gases per minute. 

The thermal efficiency of these very large steam turbines is higher 
than that of the gas engine and is excelled only by engines of the Diesel 
type. Allowing an average steam consumption of 12 pounds per kilo- 
watt-hour for the turbine and all its auxiliaries and a boiler and econo- 
mizer efficiency of 80 per cent, the over-all efficiency from switchboard 
to coal pile is approximately 20 per cent. The over-all efficiency meas- 
ured over the period of one year is somewhat less than this because of 
great variation in load and the accompanying standby losses. 

In Europe a combined plant efficiency of 15 per cent is not uncom- 
mon. Even small semi-portable plants of 40 horsepower are operated 
with over-all efficiencies as high as 14 per cent. In these small plants 
the engine, boiler, and auxiliaries are combined, permitting a high degree 
of superheat with minimum heat losses. A 40-horsepower plant tested 
by Professor Josse of the Royal Technical School, Germany, gave the 
following results: coal consumed per brake hp-hour, 1.23 pounds, 
corresponding to an over-all efficiency of 14.2 per cent. Steam con- 
sumption, 9.5 pounds per i.hp-hour. Boiler and superheated efficiency, 
77.7 per cent. (See Zeit. des Ver. Deut. Ingr., March 18 and 25, 1911, 
and Power, Sept. 27, 1910, p. 1714.) 

The remarkable economy which i^ being effected in Europe with 
this type of plant is still further marked by the performance of a 100 
horsepower Wolf tandem compound locomobile which is credited with 
a performance of one brake horsepower per 0.86 pound of coal, corre- 
sponding to an over-all efficiency of 20 per cent. (Zeit. des Ver. Deut. 
Ingr., June, 1911.) 

The percentage of the heat value of the fuel realized as energy at 
the point of consumption is considerably less than the over-all efficiency 
from “coal-pile to switchboard because of the transmission, dis- 
tribution and service losses. These losses vary within wide limits, 
depending upon the size and type of plant, character of equipment, 
length of transmission lines and various other influencing factors. 
Figure 7 illustrates the approximate losses for a large plant such as the 
Northwest Station of the Commonwealth IMison Company of Chicago. 

For a description of the Ford Gas-Steam Plant see Power, Nov. 21, 
1916, p. 706; Jan. 16, 1917, p. 70. 



20 


STEAM POWER PLANT ENGINEERING 





ELEIMEXTARY STEA:M POWER PLANTS 


21 


EXERCISES. 

1. Make a diagrammatic outline of a simple non-condensing plant correctly 
locating all the essential elements entering into its composition. Indicate by means 
of arrow points the direction of flow of the feed water and steam. 

2. Same instruction as in Problem 1, except that a non-condensing plant mth 
exhaust steam heating system is to be considered. 

3. Enumerate the character. and extent of the heat losses from ‘‘coal-pile to switch- 
board” in a simple non-condensing piston engine plant. 

4. Beginning -with the cold water supply trace the path of the feed water and steam 
through the various essential elements in a condensing plant equipped with a full 
complement of “heat-saving” appliances. 

5. Make a skeleton outline of a modem tnrbo-alteniator plant correctly locating 
and designating by name all the essential elements entering into its composition. 



CHAPTER n 

FUELS AND COMBUSTION 

6. General. — The cost of fuel is by far the greatest single item of 
expense in the production of power and ranges from 40 per cent to 70 
per cent of the total operating costs. Furthermore, all fuels are slowly 
but surely increasing in price and larger investments for fuel saving 
equipment are justified. In localities where a specific fuel is plentiful 
the problem resolves itself merely into a study of the best methods of 
burning this fuel, but in situations where various kinds of fuel are avail- 
able the selection of the one best suited for a given or proposed equipment 
includes a careful consideration of such items as composition of the fuel, 
size, cost per ton, heating value, refuse incident to combustion, initial 
waste products such as ash and moisture, storage requirements, and 
transportation facilities. 

The fuels used for steam making are coal, coke, wood, peat, mineral 
oil, natural and artificial gases, refuse products such as straw, manure, 
sawdust, tan bark, bagasse, and garbage. 

In most cases that fuel is selected which develops the required power 
at the lowest cost, taking into consideration all of the circumstanc(« 
that may affect its use. Occasionally the disposition of waste products 
is a factor in the choice, but such instances are uncommon. The 
boilers and furnaces are designed to suit the fuel selected. 

7. Classifleatioa of Fuels. — Fuels may be divided into three classes 
as follows: 

1. Solid fuels. 

a. Natural: straw, wood, peat, coal. 

b. Prepared: charcoal, coke, peat, and briquetted fuels. 

2. Liquid fuels. 

a. Natural: crude oils. 

b. Prepared: distilled oils. 

3. Gaseous fuels. 

a. Natural: natural gas. 

b. Prepared: coal gas, water gas, producer gas, oil gas. 

8. Solid Fuels. — Solid fuels are of vegetable origin and exist in a 
variety of forms between that of a comparatively recent cellulose growth 
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and that of nearly pure carbon as anthracite coal. They owe their 
forms to the conditions under which they were created or to the geo- 
logical changes •which they have undergone. With each succeeding 
stage the percentage of carbon increases and the oxygen content de- 
creases. The chemical changes are approximately as given in Table 1. 


TABLE 1. 

PROGRESSn’E CHANGE FROM PURE CELLULOSE TO ANTHR.ACITE. 


Substance. 

Caxbon. 

Hydrogen 

Oxygen. 

Pure cellulose 

Per Cent. 

44.44 

Per Cent. 

6.17 

Per Cent. 

49.39 

Wood 

52.65 

5.25 

42.10 

Peat 

59 57 

5.96 

34 47 

Lignite. 

66 04 

5.27 

28 69 

Brown coal 

73 18 

5 58 

21 14 

Bituminous coal 

75.06 

5.84 

19.10 

Semi-bituminous coal 

89 29 

5 05 

6.66 

Anthracite 

91 58 

3 96 

4.46 

Graphite 

100 00 







Of all the various grades of sohd fuels coal is by far the most important. 

Origin of Coal: Bulletin No. 491, U. S. Geological Survey, p. 705. 

9. Composition of Coal. — All coals when separated into their ulti- 
mate chemical constituents are composed principally of varying pro- 
portions of carbon, hydrogen, oxygen, sulphur and refractory earths. 
Carbon and hydrogen are the only desirable elements from a combustion 
standpoint and the others may be considered impurities. The various 
combinations into which the carbon, hydrogen and oxygen are united 
are extremely complex and greatly influence the physical characteristics 
of the fuel. All of the carbon and hydrogen is not available for com- 
bustion since part of the carbon may be present as a carbonate and 
part of the hydrogen as water. A knowledge of the physical and chemi- 
cal characteristics of a fuel as determined in the laboratory is of great 
importance since it enables the engineer to determine in advance the 
fuels best suited for a given or proposed equipment. 

Proximate Analysis. — This analysis enables the engineer to pre- 
dict to a certain extent the behavior of the fuel in the furnace by giving 
the percentages of moisture, ash, fixed carbon and volatile matter. 

Moisture as obtained from this analysis is purely an arbitrary quantity 
based upon the loss in weight of a sample when maintained for approxi- 
mately one hour at a temperature of 220 deg. fahr. The material 
driven off in this manner is not all water since some of the volatile 
combustible may distill off; furthermore, all of the water may not be 
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evaporated by this treatment. It is intended and does bring the ma- 
terial to a condition which can be duplicated closely -and represents 
a fixed basis for comparison. Moisture not only increases the cost of 
transporting and handhng the fuel but also absorbs heat in the furnace 
which might othervdse be available for generating steam. Coal free 
from “moisture’’ is known as “dry coaZ. 

The residue which remains after the coal has been completely burned 
is classified as ash. It is derived from the inorganic matter in the 
coal, such as sand, clay, shale, “slate” and iron pyrites, and is composed 
largely of compounds of silica, alumina, iron and lime, together with 
small quantities of magnesia. A large percentage of ash is undesirable 
since it reduces the heat value of the fuel, increases the cost of trans- 
portation and handling, necessitates disposal of refuse and often 
produces troublesome clinker. Coal free from moisture and ash is 
commonly designated as combustible though the nitrogen and oxygen 
included are not combustible. 

That portion of the carbon combined with hydrogen, and other 
gaseous compounds which are driven off the dry coal by the application 
of heat, constitutes the volatile combustible matter j or simply volatile 
matter. The term “volatile combustible” is a misnomer since a con- 
siderable fraction of the distilled gases consists of water vapor, carbon 
dioxide, nitrogen and other inert, non-combustible dilutants. The per- 
tinence of the “volatile matter” to the engineeer is obvious, since a 
high percentage indicates that special care must be observed in effect- 
ing smokeless combustion. 

The uncombined carbon or that portion which remains after the vola- 
tile matter has been driven off is known as fixed carbon. Fixed carbon, 
however, is not pure carbon since the carbonized residue contains in 
addition to the ash forming constituents, small amounts of hydrogen, 
oxygen, nitrogen and approximately half the original sulphur content. 
“Fixed carbon” is a measure of the relative coking properties of coals 
though in the commercial manufacture of coke or gas the yield of coke 
is several per cent higher than that obtained in the laboratory. In 

* Moisture’^ as determined from the proximate analysis must not be confusod 
with '^air-drying loss.'’ The primary purpose of air-drying is to reduce the mois- 
ture content to such a condition that there will not be rapid changes iix the weight 
of the sample during the course of analysis; it simply shows the amount of moisture 
removed in order to bring the sample to a condition of equilibrium with rospoot to 
the moisture in the air of the room. “Air-drying loss” is the amount of moisture 
driven off when the sample, as received, is subjected to a tomperaturo of 86 to 95 
deg. fahr. The drying process is continued until the loss in weight between two 
successive weighings made 6 to 12 hours apart does not exceed 0.2 per cent. Beo 
“Analysis of Coal in the United States, ” Bulletin 22, 1913, Bureau of Mines. 
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the proximate analysis of coal the sulphur is included in the volatile 
matter, fixed carbon and ash. Sulphur occurs in coal as pyrites, sul- 
phate of iron, lime, and alumina, and in combination with the coal 
substance as organic compounds. Although classed as an impurity, 
sulphur has a heating value, when in the form of iron pyrites, of almost 
one-half that of the coal it replaces. For steaming purposes sulphur is 
objectionable only when its presence produces a badly clinkering ash. 

Proximate Analysis: Journal of the American Chemical Society, Vol. 21, p. 116; 
U. S. Bureau of Mines, Bulletins No. 22, 1913, and No. 85, 1914. 

Ultimate Analysis. — In the ultimate analysis the composition of 
the fuel is expressed in terms of its elementary constituents of carbon, 
hydrogen, oxygen, nitrogen and sulphur, and ash. The ultimate anal- 
ysis is of considerable importance in determining the more important 
heat losses incident to combustion, but an accurate analysis requires 
considerable time for its consummation and necessitates the services 
of a competent chemist. For that matter an accurate proximate 
analysis requires even more skill than the ultimate analysis, since 
the determination of hydrogen, carbon and nitrogen is not subject to 
the arbitrary conditions that must be maintained in the proximate 
analysis. But as ordinarily made the latter requires little apparatus 
and is within the skill of the average engineer. 

Both the ultimate and the proximate analyses may be expressed in 
terms of 

(1) ^^Coal as received’’ or coal as fired. 

(2) “Coal, moisture free” or dry coal. 

(3) “Coal, moisture and ash free” or comhustible. 

(4) “Coal, moisture, ash and sulphur free.” 

In the various fuel publications issued by the Bureau of Mines and 
the U. S. Geological Survey, the quoted terms are used almost ex- 
clusively, whereas in the Boiler Code advocated by the American 
Society of Mechanical Engineers and in most engineering literature 
the italicised terms are given preference. Engineers prefer to have the 
results based on coal as fired, since this represents the condition of 
the fuel as fed to the furnace. For convenience in comparing analyses 
the results are usually based on dry coal and combustible, but occasion- 
ally, as will be shown later, the “coal, moisture, ash and sulphur free” 
basis is of service. Analyses are readily converted from one basis to 
another as will be seen from the following example. 

Example 1. Given the proximate and ultimate analyses of a sample 
of coal as received. Transfer these analyses to the “moisture free” 
and “moisture and ash free” basis. Also transfer the ultimate analy- 
sis as received to the “moisture, ash and sulphur free” basis. 



26 


STEA]M PO\raR PLANT ENGINEERING 


ILLINOIS COAL. 
(Carterville District.) 



Coal as Re- 
ceived or Coal 
as Fired. 

Coal, Moisture 
Free or Dry 
Coal. 

Coal, Moisture 
and Ash Free, 
or Combus- 
tible, 


A. 

B. 

C. 

Fixed carbon 

50 19 

54 42 

61 49 

Volatile matter 

31.44 

34 08 

38 51 

Ash . , ... 

10 61 

11 50 


Moisture 

7 76 




100 00 

100 00 

100 00 


Column B = column A ^ (1 — proportional weight of moisture) 

= column A -r- 0.9224. 

Column C = column A [1 — (proportional weight of moisture + 
ash)] 

= column A -J- 0.8163. 

For the ultimate analysis: 



Coal as Received. 

Coal, 

Moisture 

Free. 

Coal, 
Moisture 
and Asli 
l<’reo. 

Coal, 
Moisture, 
Ash and 
•Sulphur 
l''reo. 


A. 

Ai. 

B. 

C. 

D. 

Carbon ... . ... 

Hydrogen 

Nitrogen . . 

Oxygen ... ... 

Sulphur 

Ash 

Free moisture 

66 55 

5 14 
1.32 

14 41 
1.97 
10.61 

66.55 

4 28 

1 32 

7 51 
1.97 
10.61 
■^7.76 

72.15 

4 64 

1 43 

8 14 
2.14 
11.50 

81.52 

5.24 

1.62 

9.21 

2.41 

83.54 

5.37 

1.66 

9.43 

100.00 

100.00 

100.00 

iTooToo"^ 

dob. (){")'■ 


* From the proximate analysis. 


In the ultimate analysis of the coal as received (Column A) tlu; free 
moisture of “Moisture” is included in the hydrogen and oxygtm. Since 
the water is composed of one part hydrogen and (ught parts oxygon, 
one-nipth of the moisture should bo subtracted from th(i hydrog(ui 
and eight-ninths from the oxygen in order to include free inoistun! 
as a separate item, thus: 

Hydrogen (column Ai) = hydrogen (column A) — | x per cent inoin- 

ture 

= 5.14 - ^ X 7.76 
= 4.28. 
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Oxygen (column Ai) = ox^^gen (column Aj — S X per cent mois- 
ture 

= 14.41 - I X 7.76 
= 7.51. 

Column B = column Ai (1 — proportional weight of moisture) 

= colunm Ai ~ 0.9224. 

Column C = column Ai [1 — proportional weight of (moisture + 
ash)] 

= column Ai 0.8163. 

Column D = column Ai [1 — proportional weight of (moisture + 
ash + sulphur)] 

= column Ai 0.7966. 

The term free hydrogen or available hydrogen is based on the assump- 
tion that all of the oxygen in the coal is combined with hydrogen in the 
proper ratio to form water, -or, 

Free hydrogen = Total hydrogen — — = H — ^ • 

o o 

All of the oxygen + -g is the weight of the combined moisture, and the 

sum of the free moisture and combined moisture is designated as the 
total moisture. 

Example 2. Determine the free hydrogen, combined moisture and 
total moisture for coal as fired, the analysis of which is given in Example 1. 

7 51 

Free hydrogen = 4.28 ^ 

- 3 . 34 . ® 

7 51 

Combined moisture = 7.51 4 — 

- 8 . 45 . ® 

Total moisture = 7.76 + 8.45 
= 16.21. 

For most engineering purposes extreme accuracy is not necessary in 
determining the ultimate analysis, since the average commercial heat 
balance is in itself only approximate at the best, consequently recourse 
may be had to empirical formulas for approximating the weight of the 
chemical constituents from the proximate analysis, thus:* 

For hydrogen, H = V (yq^ - 0.013 (1) 

in which 

H = the per cent of hydrogen in the combustible. 

V = the per cent of volatile matter in the combustible. 


* '' Experimental Engineering,^’ Carpenter & Diederichs, 1915, p. 507. 
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For nitrogen, 

N = 0.07 V for anthracite and semi-anthracite 

= 2.10 — 0.012 V for bituminous and lignite. (2) 

For total carbon (fixed carbon + volatile carbon), 

C = F + 0.02 for anthracite 

= F + 0.9 (V — 10) for semi-anthracite , . 

= F + 0.9 (V — 14) for bituminous coals ^ ^ 

= F + 0.9 (V — 18) for lignites 

in which 

C = per cent of total carbon in the combustible. 

F = per cent of fixed carbon as determined from the proximate 
analysis. 

V = as above. 

Sulphur in the coal increases the value of V, hence the calculated 
value of C is too high by practically the sulphur content of the com- 
bustible. 

Example 3. Calculate the ultimate analysis from the proximate 
analysis of the coal given in Example 1. 

H = 38.51 ^ 3 g iQ 0*013^ = 5.33 per cent. (Analysis gives 
H = ^24.) 

N = 2.10 - 0.012 X 38.51 

= 1.64 per cent. (Analysis gives N == 1.62.) 

C = 61.49 + 0.9 (38.51 - 14) 

= 83.55 per cent. (Analysis gives C = 81.52.) 


The ultimate analysis of the coal as received j neglecting the sulphur, is: 



Calculated Values, 
Per Cent. 

Acl,ual VttluoH, 

X^or Cent. 

H = 5.33 1 


f 4.35 

4.28 

N = 1.64 1x0.8163 


1.33 

1.32 

C = 83.55 J 


[68.20 

68.52* 

Ash (by analysis) 


'10.61 

10.61 

Moisture (by analysis) 


7.76 

7.76 

0 (by difference) 


7.75 

7.51 


100.00 

100.00 


* Carbon + sulphur = 66.65 + 1.97 « 68.52. 


It will be seen that the agreement is fairly close with the exception 
of that for total carbon. As previously stated this is largely due to tho 
fact that the sulphur content is practically all added to the total carbon. 
If the sulphur content of the coal is known, as in this case (^41 per cent), 
correction can be made so that the final computed value for the total 
carbon is 83.55 - 2.41 = 81.14 per cent per lb. of combustible. 
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This method of calculating the ultimate from the proximate analysis 
gives fairly accurate results for most coals but vhth some grades of 
bituminous coals the results for H and C may be in error as much as 
5 per cent for each constituent. 

The average plant is not equipped with the necessary apparatus for 
making the proximate analysis, not alone the ultimate analysis, so that 
the preceding calculations are of little value to the engineer in charge. 
The proximate analysis is too cumbersome even for the large plant when 
a number of heat balances are required in a short time, as w^hen trying 
out new fuels. In such cases the following method enables the engineer 
to approximate the ultimate analysis with sufficient accuracy for most 
practical purposes, provided the source of coal supply is known:* 

Bulletins Nos. 22 and 85 issued by the Bureau of Mines, contain a 
large number of ultimate analyses of coals from aU parts of the country. 
A study of the data will show that coals from any given locality have 
practically the same analysis when expressed on a ‘‘free from moisture, 
ash and sulphur” basis; hence, it is principally a question of deter- 
mining the amount of free moisture and ash in the sample (a compara- 
tively simple test) and in assuming the sulphur content. Since the 
percentage of sulphur is not uniform some error may be introduced in 
making this assumption but it is negligible as far as the average com- 
mercial heat balance is concerned. This method of obtaining the 
ultimate analysis is best illustrated by an example. 

Example 4. Assume that a sample of Illinois coal (analysis as per 
Example 1) is available and that the ash and moisture determinations 
only have been made. Approximate the ultimate analysis from the 
average moisture, ash and sulphur free” analysis of Illinois coals. 

The average of a number of Illinois coals f as recorded in the Govern- 
ment bulletin referred to is: 


Combined 

Moisture. 

Free Hydrogen. 

Carbon. 

Nitrogen. 

11.94 

4.14 

82.4 

1.52 


Assuming the per cent of sulphur in the coal under consideration to be 
the average of Illinois coals as recorded in the Government bulletins 
(S = 2.84 per cent), the total free moisture, ash and sulphur would be 
7.76 4- 10.61 + 2.84 = 21.2 per cent; and the “free from moisture, 
ash and sulphur” content, 100 — 21.2 = 78.8 per cent. The ultimate 
analysis of the coal as received may then be calculated as follows: 

* P. W. Evans, Armour Engineer^ May, 1915, p. 301. 
t Moisture, ash and sulphur free. 
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Calculated Values, 
Per Cent. 

Actual Values, 
Per Cent. 

Combined moisture, 11 94 X 0 788 

9 

40 

f 

8 

45 

Free moisture (by test) . . . 

7 

76 

7 

.76 

Free hydrogen, 4. 14 X 0 788. . 

3 

26 

3 

34 

Total carbon, 82.3 X 0 788 ... 

64 

98 

66 

55 

Xitrogen, 1 52 X 0.788 

1 

19 

1 

32 

Ash (by test) 

10 

61 

10 

61 

Sulphur 

^2 

80 

1 

97 


100 00 

100.00 


By assumption. 


The agreement between calculated and actual values for most Illinois 
coals is much closer than in this particular example. The splendid 
work of the U. S. Bureau of Mines will soon place at the disposal of the 
public complete analyses of all the coal fields in the country and the 
error in assuming the average values of an entire state, as in the preced- 
ing example, may be greatly reduced by taking the average values for 
the particular field in which the coal under consideration is mined. 

Ultimate Analysis: See references under Approximate Analysis. 

Methods of Determining Sulphur Content of Fuels: U. S. Bureau of Mines, Tech- 
nical Paper 26, 1912. 

Methods of Analyzing Coal and Cohe: U. S. Bureau of Mines, Technical Paper 8, 
1913. 

The Coking of Coal at Low Temperatures: University of Illinois Bulletin, VoL XII, 
Xo. 39, 1915. 

The Analysis of Coal with Phenol as a Solvent: University of Illinois Bulletin, 
Xo. 76, 1915. 


10. €iass!fication of Coals. — Coals and allied substances have l)een 
variously classified according to 

1. Oxygen-hydrogen ratio, or Gruner’s classification. 

2. Fixed carbon and volatile combustible matter. 

3. Fuel ratio, or the ratio of the fixed carbon to the volatile combus- 
tible matter. 

4. Calorific value. 

5. Fixed carbon. 

6. Total carbon. 

7. Hydrogen. 

8. Carbon-hydrogen ratio, or the ratio of the total carbon to tho 
hydrogen, 
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Gruner’s classification is as follows: 

(Eng. and Mm. Jour., July 25, 1874.) 



Ratio • 

±1 


Ratio —• 
n 

Anthracite... . 

1 to 0 75 

Peat 

6 to 0 

Bituminous 

4 to 1 

Wood 

7 

Lignite. ... 1 

5 

Cellulose 

8 


Kent’s classification, according to the constituents of the combustible, 
is as follow^s (Steam Boiler Practice) : 



Per Cent of Dry Combustible. 


Fixed Carbon. 

Volatile Matter. 

Anthracite. . . 

97 to 92 5 

3 to 7.5 

Semi-anthracite 

92.5 to 87.5 

7.5 to 12 5 

Semi-bituminous . 

87.5 to 75 

12 5 to 25 

Bituminous — Eastern 

75 to 60 

25 to 40 

Bituminous — Western 

65 to 50 

35 to 50 

Lignite 

Under 50 

Over 50 


Gruner’s, Kent’s, and other schemes of classification outhned above, 
with the exception of the carbon-hydrogen ratio, are more or less 
unsatisfactory, since the groups are not as clearly defined as indicated 
and overlap to a considerable extent. 

The U. S. Geological Survey proposes the following classification 
according to the carbon-hydrogen ratio which appears to apply satis- 
factorily to all grades of coal. 


(Compiled from Report of Government Coal Testing Plant, Professional Paper No. 48, 1906.) 


Grovp. 

Class. 

Example. 

Carbon-hydrogen 

Ratio. 

A 

Graphite 



B 

Anthracite 

*Buck Mountain, Pa 

- to 30 

C 

Anthracite 

^Scranton, Pa 

30 to 26 

D 

Semi-anthracite. . . . 

*Bernice Basin, Pa 

26 to 23 

E 

Semi-bituminous . . . 

Spadra Bed, Ark 

23 to 20 

F... 

Bituminous 

New River, W. Va 

20 to 17 

G 

... do 

Connelsville Field, Pa 

17 to 14.4 

H. . 

. .do 

Marion County, 111 

14.4 to 12.5 

T 

. . do 

Red Lodge, Mont 

12.6 to 11.2 

J 

Lignite 

Gallup Field, N. M 

11.2 to 9.3 

K. . 

Peat 


9.3 to 

Ti 

Wood 


7.2 






* Not included in Government's Report. 
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In its various bulletins the U. S. Bureau of Mines uses the following 
arbitrary classification which is virtually based on the fuel ratio. 

Anthracite Bituminous 

Semi-anthracite Sub-bituminous 

Semi-bituminous Lignite 

Classification of Coals: U. S. Geographical Survey Bulletin 641, 1914; Prac. Engr. 
U. S., Jan., 1910: Mines and Minerals, Feb., 1911. 


11. Anthracites. — These are the best coals and consist almost en- 
tirely of carbon; they contain very little hydrocarbon and burn with 
little or no smoke, are slow to ignite, burn slowly, and break into small 
pieces when rapidly heated. They require a very large grate of about 
twice the surface necessary for bituminous coal. Large sizes may be 
burned in almost any kind of a furnace and with moderate draft. 

TABLE 2. 

COMPOSITION OF TYPICAL AMERICAN ANTHRACITE COALS. 


• 

Treverton, 

Pa. 

Wilkesbarre, 

Pa. 

Drifton, 

Pa. 

Lehigh, 

Pa. 

Scranton, Pa., 
Culm, Air 
Dried. 

i ^ 

Proximate analysis: 

♦ 

* 

t 

t 

t 


Water 

0.84 

3.45 

1.37 

1.97 

2.08 

1.50 


6,67 

2.75 

3.59 

4.35 

7.27 

7.84 

Fixed carbon 

85 66 

87.90 

89 11 

86.49 

74.32 

81.07 

Ash 

6 83 

5.90 

5.93 

7.19 

16.33 

9.59 


100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

Ultimate analysis: 


88.86 

87.70 


75.21 

83.20 

Carbon 

90.66 

85.06 

Hydrogen 

1.73 

2.04 

2.56 

2.78 

2.81 

3.29 

- Nitrogen 


0.90 

1.03 

0.77 

0.80 

0,95 

Oxygen 

0.78 

1.95 

2.26 

2.87 

4.08 

2.45 

Sulphur 


0.35 

0.56 

0.64 

0.77 

0.50 

Ash 

6,83 

5.90 

5.89 

7.28 

16.33 

9.01 


100.00 

100.00 

100,00 

100.00 1 

100.00 

1(X).00 

Calorific value: 







Calorimeter 

13,980 

14,194 

13,950 

14,103 



12,472 

12,420 


Dulong’s formula 

14,217 

14,038 

14,003 

Classification: 







Carbon-hydrogen ratio 

52.5 

' 42.5 

34.4 

30.9 

S 26.7 

25. 

Fuel ratio 

12.9 

32.0 

29.9 

11.0 

10.2 

10.4 


* Authority not stated. t H. J. WiHianas. t XJ. S. Geological Survey, 


For smaller sizes a thinner bed has to be carried unless a strong draft 
is used. There is difficulty in keeping a thin bod free from air-holes. 
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When possible the coal should be at least six inches deep on the grate. 
On account of the large percentage of ash in the smaller sizes, the fire 
requires frequent cleaning. Anthracites do not require slicing” and 
should be disturbed only when cleaning is necessary. Nearly aU an- 
thracites, with some unimportant exceptions, come from three small 
fields in eastern Pennsylvania. On account of the limited supply and 
the great demand for domestic purposes, sizes over ^^pea coal” are 
prohibitive in price for steam power plant use. Table 2 gives the 
composition and classification of a number of typical American anthra- 
cite coals, and Table 3, one of the standard divisions of mesh according 
to which they are classed and marketed. Specific gravity, 1.4 to 1.6; 
fuel ratio, not less than 10. 

Burning No. S Buckwheat: Power, Dec. 27, 1901; Mar. 21, 1911. Burning 
Anthracite Culm of Poor Quality: Trans. A.S.M.E., 7-390. Anthracite Culm Bri-- 
quets, Am. Inst. Min. Engrs., Bulletin, Sept., 1911. Calorific Value of Anthracite: 
Mines and Minerals, Sept., 1911. Preparation of Anthracite: Am. Inst. Min. 
Engrs., Bulletin, Oct., 1911. Stoking Small Anthracite Coal: Power, Oct. 19, 1916, 
p. 540. 

TABLE 3. 

SIZES OF ANTHRACITE COAL. 

A.S.M.E. Code of 1915. 


Diameter of Opening Through or Over 
which Coal Will Pass, Inches. 


Size. 


Broken 

Egg 

Stove 

Chestnut 

Pea 

’^No. 1 Buckwheat 
*No. 2 Buckwheat 
*No. 3 Buckwheat 
Culm 



* The terms “ Buckwheat,” “Rice,” and “Barley,” respectively, are used in some localities instead 
of No, 1, No. 2, and No. 3 Buckwheat. 

12. Semi-anthracites. — These coals kindle more readily and burn 
more rapidly than the anthracites. They require little attention, 
burn freely with a short flame and yield great heat with little clinker 
and ash. They are apt to split up on burning and waste somewhat in 
falling through the grate. They swell considerably, but do not cake. 
They have less density, hardness and metallic luster than anthracite, 
and can generally be distinguished by their tendency to soil the hands, 
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while pure anthracite will not. Semi-anthracites are not of great im- 
portanee in the steam power plant field on account of the limited sup- 
ply and high cost. They are found in a few small areas in the western 
part of the anthracite field. Specific gravity, 1.3 to 1.4. Fuel ratio 
6 to 10. 

m Semi-bituminoiis. — These coals are similar in appearance to semi- 
anthracite, but they are somewhat softer and contain more volatile 
matter. They have a very high heating value, have a low moisture, 
ash and sulphm’ content, are readily burned without producing ob- 
jectionable smoke and rank among the best steaming coals in the 
world. The supply is limited and on account of high cost, except in 
the immediate vicinity of the mines, they are not generally used for 
power purposes. The centers of production are the Pocahontas and 
New River fields of Virginia and West Virginia, Georges Creek field of 
Maryland, Windber field of Pennsylvania and the western end of the 
Arkansas field. Table 4 gives the composition and classification of a 
number of typical American semi-anthracite and semi-bituminous coals. 
Fuel ratio 3 to 6 or 7. 


TABLE 4. 

COMPOSITION OF TYPICAL AMERICAN SEMI-ANTHRACITE AND SEMI-BIT OMI- 
NOUS COALS. 



Bernice Basin, 

Pa. 

Coalhill, 

Ark. 

Pocahontas, 

W. Va. 

Kanawha Series, 

W. 

9 

Ph 

2 

ca 

O 

Proximate analysis: 

Water 

Volatile matter, ... 

Fixed carbon. .. . 

Ash 

Ultimate analysis: 

Carbon 

Hydrogen 

Nitrogen 

Oxygen 

Sulphur 

Ash 

* 

1.57 

9.40 

83.69 

5.34 

* 

2.36 

12.68 

72.88 

12.08 

1 

4.07 

16.34 

68.47 

11.12 

t 

1.42 

20-72 

70.05 

7.81 

t 

1.53 

21.54 

71.88 

5.05 

§ 

0.44 

18.76 

73.15 

7.65 

100.00 

85.46 

3.72 

1.12 

3.45 

0.91 

5.34 

100,00 

76.44 

3.82 

1.37 

4.30 

1.99 

12.08 

100.00 

76.51 

4.27 

LOO 

6.50 

0.51 

11.12 

100.00 

81.95 

4.30 

1.29 

3.68 

0.97 

7.81 

100.00 

82.87 
4.76 
i 1.68 
: 4.99 
0.65 
5.05 

100.00 

80.32 

4.88 

1 .46 

4 . 69 
L(K) 
7.65 

100.00 

Calorific value: 

Calorimeter 

100,00 

100,00 

13,259 

13,273 

20.7 

5.7 

100.00 

13,509 

13,329 

19.6 

4.2 

100.00 

14,686 

14,363 

19.0 

3.4 

100.00 

14,807 

14,601 

17.8 

3.3 

Dulong^s formula 

Classification: 

Carbon-hydrogen ratio || 

Fuel ratio 

14,552 

23 0 
8.5 

14,432 

16.5 

3.0 


* Authority aot stated. t U. S.< Geological Survey. % W. Va. Geological Survey, 
f H, J. Williams. || Baaed on air-dried aample. 



FUELS AXD COMBUSTION 


35 


Bituminous. — These coals are the most widely distributed and 
the most extensively used fuel in steam power plant engineering. They 
contain a large and var^/ing amount of volatile matter and burn freely 
with the production of considerable smoke unless carefully fired. Their 
physical properties vary widely and they are commonly classified as 

1. Dry, or free-bmming bituminous. 

2. Bituminous caking. 

3. Long-flaming bituminous. 

1. Dry bituminous coals are the best of the bituminous variety for 
steaming purposes. They are hard and dense, black in color, but some- 
what brittle and sphntery. They ignite readily, burn freely with a 
short clean bluish flame and without caking. Specific gravity, 1.25 to 
1,40. 

2. Bituminous caking coals swell up, become pasty and fuse together 
in burning. They contain less fixed carbon and more volatile matter 
than the free-burning grades. Caking coals are rich in hydrocarbon 
and are particularly adapted to gas making. The flame is of a yellowish 
color. Specific gravity, about 1.25. 

3. Long-flaming bituminous coals are similar in many respects to 
the caking coals but contain a larger percentage of volatile matter. 
They burn freely with a long yellowish flame. They may be either 
caking, non-caking or splintery. They are very valuable as a gas coal, 
and are little used for steaming purposes. Specific gravity, about 1.2. 

Table 5 gives the composition and classification of a number of typical 
American bituminous coals. 

For sizes of bituminous coal see paragraph 38. 

Mineral Resources of the United States: U. S. Geological Survey, 1911. 

Analyses of Coals: Bui. No. 22, U. S. Bureau of Mines, 1913. 

Analyses of Mine and Car Samples: Bui. No. 85, U. S. Bureau of Mines, 1914. 

Report of the United States Fuel-Testing Plant at St. Louis, Mo.: Bui. No. 332, 
U. S. Geological Survey, 1908. 

Index of Mining Engineering Literature: W. R. Crane, John Wiley & Sons. 

Coal Mines of the United States: Peabody Atlas, A. Bement, Chicago, 111. 

Coking and Caking Coal: Power, March 28, 1916, p. 432. 

Dry Preparation of Bituminous Coal at Illinois Mines: Univ. 111. Bui. No. 43, 
June 26, 1916. 

Fuels for Steam Boilers: Power, Mar. 28, 1916, p. 454. 

15. Sub-bituminous Coals. — The term sub-bituminous has been 
adopted by the U. S. Geological Survey and the Bureau of Mines for 
what has generally been called “black lignite.” These coals are not lig- 
nitic in the sense of being woody and many of them approach the lowest 
grade of bituminous coals for fuel purposes. It is difficult to separate 
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* Qsmpi]^ from R^rt of Government Coal Testing Plant, U. S. Geological Survey, 
t Not mcluded in government report. * Based on air-dried sample! 
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this class from bituminous coals and lignites by any of the classifications 
outlined at the beginning of paragraph 10. They are not woody in 
texture and are black in color, 'which enables them to be readily dis- 
tinguished from the lignites. \^Tien exposed to the weather they slack 
considerably, a feature which distinguishes them from the bituminous 
coals. Sub-bituminous coals are found in most of the western fields. 

16. Lignites or Brown coal, is a substance of more recent geological 
formation than coal and represents a stage in development intermediate 
between coal and peat. Its specific gra'sdty is low, 1.2, and when freshly 
mined contains as high as 50 per cent of moisture. It is non-caking, and 
on exposure to air, slackens or crxunbles. The lumps check and fall 
into small irregular pieces with a tendency to separate into extremely 
thin plates. It deteriorates greatly during storage or long transpor- 
tation. Lignite, as mined, is a low-grade fuel with a calorific value of 
about one-haK that of good coal. When properly prepared and com- 
pressed into briquettes, lignite becomes an excellent fuel, resists weather- 
ing satisfactorily, permits handling and transportation without ex- 
cessive deterioration and is practically smokeless. The superiority of 
briquettes over raw lignite is shown in Table 6: 

TABLE 6. 


IMPROVEMENT OF HEAT VALUE BY BRIQUETTING.* 


Source 

Moisture 

i 

Heat Value per Pound. 

In Raw 
Lignite. 

In Bri- 
quettes. 

Removed. 

Raw 

Lignite. 

Briquettes. 

Increase. 


Per Cent. 

Per Cent. 

Per Cent. 

B.t.u. 

B.t.u. 

Per Cent. 

Texas 

33.0 

9.0 

24.0 

6840 

9336 

36.5 

North Dakota 

40.0 

12.0 

28.0 

6241 

9354 

50.0 

North Dakota 

42.0 

10 0 

32.0 

6079 

9355 

54.0 

California 

40.0 

10.0 

30.0 

6080 

9264 

52.4 


* Bulletin No. 14, U. S. Bureau of Mines, p. 48, 


The most extensive lignite deposits are situated long distances from 
fields of high-grade coal, and their use is at present limited to these 
regions. 

North Dakota Lignite as a Fuel for Power Plant Boilers: BuL No. 2, 1910, U. S. 
Bureau of Mines. Briquetting Tests of Lignite: Bui. No. 14, 1911, U. S. Bureau of 
Mines. General data pertaining to lignite fuels, Engr. U. S., Jan., 1910. 

17. Feat, or Turf, is formed by the slow carbonization under water 
of a variety of accumulated vegetable materials. It is unsuitable for 
fuel until dried. Peat, as ordinarily cut and dried, is too bulky for 
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commercial competition vnih coal; and is used only where coal is pro- 
hibitive in price. When properly prepared and compressed into bri- 
quettes peat is an excellent fuel. In Russia, Germany, and Holland 
peat briquettes have passed the experimental stage and several millions 
of pounds are manufactured annually. Peat is used but little in this 
country at present, though the deposits are extensive and widely dis- 
tributed, but its possibilities are beginning to attract the attention of 
engineers. The proportion in which the various primary constituents 
exist in dried peat is approximately as follows: Cent. 

Fixed carbon 

Volatile matter 

Ash ^ 

Peat: Prac. Engr. U. S., Jan., 1910, p. 21; Bui. No. 16, U. S. Bureau of Mines, 
1911; Power, Sept. 6, 1910; Eng. and Min. Jour., Nov. 22, 1902; Fob. 7, 1903, 
Jour. Am. Peat Soc., July, 1911; _Elec. Rev., Mar. 22, 1912; Min, and Eng. Wld., 
Nov. 28, 1911. 

TABLE 7. 

COMPOSmOJT OF TYPICAL AMERICAN SUB-BITUMINOUS COALS AND LIGNITES.* 

(Ran of Mme.) 



Red Lodge, 
Montana. 
(Black.) 

Gallup, 
New Mexico. 
(Black.) 

Texas. 

(Brown.) 

Colorado. 

(Black.) 

North 

Dakota. 

(Brown.) 

Wyoming. 

(Black.) 

Proximate analysis: 


j 



1 


Water 

11.05 

12.29 

33.71 

18.68 

36.78 

22.63 

Volatile matter 

35.90 

34.58 1 

29.25 

34.88 

28.16 

35 68 

Fixed carbon 

42.08 

46.14 

29.76 

40.45 

20.97 

37.19 

Ash 

10.97 

1 

6 99 

7.28 

5.99 

5.09 

4.60 


100.00 

100 00 

100.00 

100.00 

100.00 

100.00 

Ultimate analysis: 







Hydrogen 

5.37 

5.82 

6.79 

6.07 

6.93 

6.39 

Carbon | 

59.08 

63.31 

45.52 

57.46 

41.87 

54.91 

Nitrogen 

1.33 

1.03 

0.79 

1.15 

0.69 

1.02 

Ojwgen 

21.52 

22.22 

42.09 

28.78 

44.94 

32.59 

Sulphur 

1.73 

0.63 

0.53 

0.55 

0.48 

0.69 

Ash 

10.97 

6.99 

7,28 

5.99 

5,09 

4.50 


100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

Calorific value: 







Calorimeter 

10,539 

11,252 

7348 

10,143 

7002 

9734 

Dulong's formula 

10,355 

11,153 

7177 

9,948 

6944 

9478 

Classification: 


Carbon-hydrogen ratio f 

11.50 

11.20 

10.90 

9.80 

9.60 

9.40 

Fuel ratio 

1.17 

1.09 

1.02 

LIO 

1,06 

1.05 


* Compiled from Government Report, U. S. Geological Surrey, 
t Based on air-dried analysis. 

18 . Wood, Straw, Sawdust, Bagasse, Tanbark. — In certain localities 
cordwood is still used as a fuel, but the steadily incrGasiiig values of 
even the poorest qualities are rapidly prohibiting its use for steam- 
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geoerating purposes. Sawdust, sha^ungs, tanbark and other waste 
products of wood are burned under boilers in situations where such 
disposition nets the best financial retui’ns. Recent progress, howwer, 
in industrial chemistry shows that ethyl and wood alcohols and other 
valuable by-products can be cheaply made from sawMust, shavings, 
slashings and similar w^aste material, and it is not unlikely that their 
use for steaming purposes will be unheard of in a comparatively few 
years. Table 8 gives the physical and chemical characteristics of a 
number of woods. 


TABLE 8. 

PHYSICAL AND CHEmCAL PROPERTIES OF WOODS, STRAW AND TANBARK. 


(Prac. Engr. U. S., Jan , 1910.) 



Weight per Cubic 
Foot. Pounds. 

Weight per Cord. 
Pounds. 

Equivalent Weight 
of Coal. 13,500 
B.T.U. 

Carbon. 

Per Cent, 

Hydrogen. 

Per Cent. 

Oxygen. 

Per Cent. 

Nitrogen. 

Per Cent. 

Ash. 

Per Cent. 

Calorific Value, 

- 1 - B.T.U. per 
Pound. 

c 

Authority. 

sh 

46 

3520 

1420 






5450 


Beech 

43 

3250 

1300 

49.36 

6.01 

42.69 

0.91 

1.06 

5400 

Sharpless 

Birch 

45 

2880 

1190 

50.20 

6.20 

41.62 

1.15 

0.81 

5580 

Hutton 

Cherry ... . 

42 

3140 

1260 






5420 

a 

Chestnut . . 

41 

2350 

940 






5400 

Sharplesf? 

Elm 

35 

2350 

940 






5400 

it 

Hemlock . . 

25 

1220 

580 






6410 


TTinkorv . . . 

53 

4500 

1800 






5400 


Maple, Hard 

49 

3310 

1340 






.5460 

TTi^tfnp 

Dak, Live . 

59 

3850 

1560 






5460 

a 

White . 

52 

3850 

1540 

40.64 

5.92 

41.16 

1.29 

1.97 

5400 

Rankine 

“ Red 

45 

3310 

1340 






5460 

Hiif.t.nn 

Pine ^White 

25 

1920 

970 






6830 

it 

JL XXX^ y T" iAX UV 

“ Yellow 

36 

2130 

1050 






6660 

tt 

Poplar 

36 

2130 

1050 

49.37 

6.21 

41.60 

0.96 

1.86 

6660 

it 


25 

1920 

970 






6830 

it 

Walnut 

35 

3310 

1340 






5460 

it 

Willow 

25 

1920 

970 

49.96 

5.96 

39.56 

0.96 

3.37 

6830 

Rankine 

Average. . 




49.70 

6.06 

41.30 

1.05 

1.80 



Straw: 

* 


Water 








Wheat . . . 

00 


16.00 

35.86 

5.01 

37.68 

0.45 

5,00 


Clark 

Barley . . . 

o 


15.50 

36.27 

5.07 

38.26 

0.40 

4.50 


it 

Average 

CO 


15.75 

36.06 

5.04 

37.97 

0.42 

4.75 

5155 


Tanbark 











Dry 




51.80 

6.04 

40.74 


1.42 

6100 

Myers 











* Compressed. t Green Fuel. 


Wood as Fuel: Prac. Engr. U. S., Jan., 1910, p. 805; Power & Engr., June 30, 
1908, p. 1015; Power, Dec., 1908, p. 772. 

Burning Sawdust: Prac. Engr. U. S., Jan., 1910, p. 48; Power Engr., April 7, 
1908, p. 536; Oct. 13, 1908, p. 613; Jour, of Elec., Oct., 1905. 
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TABLE 9. 

HEAT VALUES OF BAGASSE AND VARIATION WITH DEGREE OF EXTRACTION. 


Per Cent Extraction 
on Weight of Cane. 

Per Ctent Moisture 
in Bagasse. 

Fiber. 

Sugar. 

Molasses. 

Total Heat Devel- 
oped. B.T.U. 

Heat Required to 
Evaporate theWater 
Present. B.T.U. 

Heat Available. 
B.T.U. 

Lb Bagasse Required 
to Equal 1 lb. Coal of 
14.000 B.T.U. Cal- 
orific Power. 

Coal Equivalent per 
Ton of Cane. 
Pounds. 

Temi>eratureof Fire. 
Fahr. 

Per Cent in 
Bagasse. 

Fuel Value. 
B.T.U. 

Per Cent in 
Bagasse. 

Fuel Value. 
B.T.U. 

Per Cent in 
Bagasse. 

Fuel Value, 

B.T.U. 

90 

0.00 

100.00 

8325 





8325 


8325 

1.68 

119 

2465 ° 

85 

28.33 

66.67 

5552 

3.33 

240 

1.67 

116 

5900 

339 

5561 

2.52 

119 

2236 

80 

42.50 

50.00 

4160 

5.00 

361 

2.50 

174 

4697 

509 

4188 

3.34 

120 

2023 

75 

61.00 

40.00 

3330 

6.00 

433 

3.00 

209 

3972 

611 

3361 

4.17 

120 

1862 

70 

56.67 

33.33 

2775 

6.67 

482 

3.33 

232 

3489 

679 

2810 

4.98 

120 

1732 

65 

60.71 

28.57 

2378 

7.15 

516 

3.57 

248 

3142 

727 

2415 

5.80 

121 

1612 

60 

63.75 

25.00 

2081 

7.50 

541 

3.75 

261 

2883 

764 

2119 

6.61 

121 

1513 

55 

66.12 

22.22 

1850 

7.78 

562 

3.88 

'270 

2682 

792 

1890 

7.40 

121 

1427 

50 

68.00 

20.(10 

1665 

8.00 

578 

4.00 

278 

2521 

815 

1706 

8.21 

122 

1350 

45 

69.55 

18.18 

1513 

8.18 

591 

4.09 

284 

2388 

833 

1555 

9.00 

122 

1284 

40 

70.83 

16.67 

1388 

8.33 

601 

4.17 

290 

2279 

849 

1430 

9.79 

123 

1222 

25 

73.67 

13.33 

1110 

8.67 

626 

4.33 

301 

2037 

883 

1154 

12.13 

124 

1077 

15 

75.00 

11.77 

980 

8.82 

637 

4.41 

307 

1924 

899 

1025 

13.66 

124 

1002 

0 

76.50 

10.00 

832 

9.00 

650 

4.50 

313 

1795 

916 

879 

15.93 

126 

906 


Bagasse, or megass, is refuse sugar cane and is used as a fuel on the 
sugar plantations. Its heat value depends upon the proportions of 
fiber, molasses, sugar and water left after the extraction. The heat 
furnished by the different constituents is about as follows: Fiber, 
8325 B.t.u. per pound; sugar, 7223 B.t.u. per pound; and molasses, 
6956 B.t.u. per pound. Table 9 gives the heat value of bagasse and 
variation with the degree of extraction. A typical furnace for burning 
bagasse is shown in Fig. 108. 

Bagasse as Fml: Prac. Engr. XJ. S., Jan., 1910; Engng., Feb. 18, 1910. 

Bagasse Drying: E. W. Kerr, Louisiana Bui. No. 128, June, 1911. 

Tanbark is usually quite moist; the amount of moisture varies with 
the leaching process used and averages around 65 per cent. In this 
condition it has a heat value of about 4300 B.t.u. per pound. If per- 
fectly dry its heating power is approximately 6100 B.t.u. per pound. 
As in the case of all moist fuels, tanbark must be surrounded by heated 
surfaces of sufficient extent to insure drying out the fresh fuel as thrown 
on the fire. A successful furnace for burning tanbark is shown in Fig. 
109. 

Tanbark as a Boiler Fuel: Jour. A.S.M.E.', Feb., 1910, p. 181; Jour. A.B.M.E., 
Oct., 1909, p. 951; Prac. Engr. U.S., Jan., 1910. 

Burning Coke Breeze: Power, July 4, 1916, p, 2. 
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19. Combustion. — To the engineer coynhustion means the chemical 
union of the combustible of a fuel and the ox^^gen of the air at such a 
rate as to cause rapid increase in temperature. The depreciation in 
heat value of bituminous coal subjected to weathering’’ is due to com- 
bustion, but the rate at which the combustible unites mth the oxygen 
is so slow that the heat is dissipated and there is practically no increase 
in temperature. When the combustible elements unite vdth oxygen 
they do so in definite proportions, which are always the same, and the 
union liberates a fixed quantity of heat independent of the time occupied. 
Theoretically combustion is a simple process as it is only necessary to 
bring each particle of fuel previously heated to the kindling tempera- 
ture in contact with the correct amount of oxygen and the combustion 
will be complete, the fuel oxidizing to the highest possible degree. In 
practice, however, the size and character of fuel, t3q)e of furnace, draft, 
impurities in the fuel, and the mechanical difficulties affect combus- 
tion to such an extent as to render oxidation more or less incomplete. 

When heat is applied to coal, combustion takes place in three separate 
and distinct stages: 

1. Absorption of heat. A fresh charge of fuel when thrown on a 
fire must first be brought to the kindling point in order that chemical 
action may take place. The temperatures necessary to cause this 
union of oxygen and fuel are approximately as follows: 



Beg. Fahr. 

Deg. Fahr. 

Lignite dust 

300 Cokes 

800 

Sulphur 

470 Anthracite lump 

750 

Dried peat 

435 Carbon monoxide 

1211 

Antluacite dust 

570 Hydrogen 

1100 

Lump coal 

600 



(Stromeyer, Marine Boiler Management and Construction, p. 93.) 


The amount of heat required to realize the kindling temperature is 
greatly increased by the water contenb of the fuel since practically all of 
the free moisture must be evaporated before this temperature is reached. 

2. Vaporization of the hydrocarbon portion of the fuel and its com- 
bustion, the hydrocarbons consisting principally of ethylene gas, C2H4, 
methane gas, CH4, tar, pitch, naphtha and the like. As these gases are 
driven off they become’ mixed with the entering air, and the carbon 
and hydrogen unite with the oxygen, forming carbon dioxide, CO2, and 
water vapor, H2O, respectively, and give up heat in doing so. If 
volatile sulphur is present it uoites with oxygen, forming sulphur 
dioxide, SO2, and also gives lip heat. If insufficient oxygen is present 
for complete oxidation, the carbon may burn to carbon monoxide, CO, 
and only a small portion of the available heat be liberated. 
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3. Combustion of the soHd or carbonaceous portion of the fuel. 
After the hydrocarbons have been driven off and oxidized the remain- 
ing solid matter is composed chiefly of carbon and ash. The carbon 
unites with the oxygen, forming carbon dioxide, carbon monoxide, or 
both, depending upon the completeness of combustion. The ash, of 
course, remains unconsumed. 

In commercial practice the requirements for perfect combustion are 
a surplus of air, a thorough mixture of the fuel particles with the air, 
and a high temperature. The surplus of air above theoretical require- 
ments should be kept to a minimum, but even in the most scientifically 
designed furnace some excess is essential on account of the difllculty 
of properly mixing the gases, since the currents of combustible gases 
and air are apt to be more or less stratified. The products of combustion 
must be maintained at the kindling temperature until oxidation is com- 
plete, otherwise the carbon will be wasted as carbon monoxide or as 
smoke. The final products of combustion as exhausted by the chimney 
should consist only of carbon dioxide, water vapor, oxygen, nitrogen, 
and the oxides of impurities in the fuel. 

As previously stated when the combustible elements unite with oxy- 
gen they do so in definite proportions, called the combining weighiSj 
which are always the same, for a given reaction, and the union produces 
a fixed quantity of heat. Thus in the complete combustion of carbon, 
12 pounds of carbon unite with 32 pounds of oxygen, forming 44 pouncls 
of carbon dioxide; hence, one pound of carbon will form 

— — — = 32 pounds of CO 2 

G 12 


and the heat of combustion will be about 14,540 B.t.u. per pound of 
carbon thus consumed. (The heat value for carbon appears to depend 
upon the method of preparation and ranges according to various autlioi- 
ities from 14,220 to 14,647 B.t.u. per pound.) 

If combustion is incomplete and the carbon burns to carbon monoxide, 
one pound of carbon will form 

2-P + 2? _ = 2 -|- pounds of CO and liberates 4380 B.t.u. 


Similarly, in burning to H 2 O one pound of hydrogen will form 


2H2 + O2 
2H2 


2 X 2 + 32 _ J C rr r\ 

— 2 ~x~ 2 — ^ ^ pounds of HaO. 


(The exact figures, based upon the relative molecular weights, as adopted 
by the International Committee on Atomic Weights, are 


2 X 2.016 + 32 
2 X 2.016 


8.94 pounds. 
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TABLE 10. 

D.iTA RELATHT TO ELEMENTS MOST COMMONLY MET WTH IN CONNECTION 
WITH COMBUSTION OF FUEL. 


Substance. 

Molecular 

Formula. 

Relative 

Molecular 

Weight, 

Oxygen 

Chemical Reactions. 

Weight per 
Pound of Sub- 
stance in First 
Column 



=32. 








Oxygen 

Air. 

Acetylene 

C 2 H 2 

26 02 

2 C 2 H 2+5 O 2 = 4 CO 2+2 H 2 O 

3 08 

13 35 

Air 






Ash 






Carbon . 

*c 

n2 0 

2C+02=2C0 

i.33 

1 5 78 

Carbon . . 

*c 

^2 0 

2 0+2 02 =2 00. 

2.66 

11.58 

Carbon dioxide . . 

C 02 

44 0 




Carbon monoxide . 

CO 

28.0 

200+02=2 00. 

0 57 

2 47 

Hydrogen 

H 2 

2 016 

2H2=02=2H20 

8 0 

34.8 

Methane 

CH 4 

16 03 

CH4+202=C02+2H.O 

4 0 

17.4 

Nitrogen 

N, 

28 02 




Ethylene. . 

C 2 H 4 

28.03 

C2H4+3b2=2C02+2H.o' 

3 43 

i4 9 

Oxygen 

Sulphur. . 

o« 

32.0 

*32.07 

8+0,= SO 2 

’I’o 

‘4*32 

Water vapor . ... 

HoO 

18 02 






Mean 

Density and Specific Volume 
at 32 deg. fahr., and 14.7 Lb. 
per Sq. In.t 

Heat of Combustion (Total 
Heat Value) B.t.u.| 

Substance. 

Specific 

Heat. 





Weight per 
Cu. Foot. 

Cu. Feet per 
Pound. 

Per Pound. 

Per Cu. Foot 
at 32 deg. fahr. 
and 14.7 Lbs. 

Acetylene. . 

Air 

Ash 


0 0725 

0 0807 

13.79 

12.39 

21,430 

1582 

s 



Carbon 

pq 

145 (solid) 


4,380 


Carbon 

145 (solid) 


14,540 


Carbon dioxide. . . 


0 1227 

ii5 



Carbon monoxide 


0.0781 

12.80 

4,380 

342 

Hydrogen 

Tfl 

0.0056 

177.9 

62,000 

345 

Methane 

CM 

0 0447 

22.37 

23,840 

1067 

KfitrAcen 


0 0783 

12.77 


Ethylene 

See Pa 

0 0795 

12.80 

” 21 , 450 ' 

1685 

Oxygen 

0 0892 

11 21 


4,000 


Sulphur 

Water vapor. . . . 

125 (solid) 









* Atomic. 


t Rmithsonian tables. 


t Compiled from various sources. 
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For all practical engineering purposes the use of the exact values of 
the molecular weights is an unnecessary refinement and the decimal 
factors may well be omitted. In the ensuing calculations only the ap- 
proximate values will be considered.) If the products of combustion 
are condensed and their temperature lowered to the initial temper- 
ature of the constituent gases the heat liberated will be 62,000 B.t.u. 
This is known as the total heating value. If the products of combustion 
are not condensed, which is the usual case in practice, the latent heat 
of vaporization of the water vapor is not available. The difference 
between the higher heating value and the unavailable heat is called 
the net heating value. The unavailable portion of the heat depends 
upon the temperature at which the products of combustion are dis- 
charged. This varies with practically every installation. Thus, 
one pound of water vapor escaping rmcondensed in the products of com- 
bustion at temperature h deg. fahr. will carry away approximately 
(1090.6 + 0.46 ti — t) B.t.u. above initial temperature t deg. fahr: of 
the constituent gases. (See paragraph 30.) Since one pound of hydro- 
gen burns to approximately 9 pounds of water vapor, the lower heating 
value h' will be 

¥ = 62,000 - 9 (1090.6 + 0.46 k - t) B.t.u. (4) 

Many attempts have been made to adopt a standard lower heating 
value, but the results have been far from harmonious. The U. S. 
Bureau of Standards recommends “that the quantity to be subtracted 
from the gross value to give the net value be taken as the latent heat of 
vaporization at zero degrees centigrade, of the water formed during 
combustion, and of that contained in the fuel.” 

This would give the net or lower heat value of hydrogen as 
62,000 - 9 (1073.4) = 52,340 B.t.u. 

For ti — t = 0 deg. cent. = 32 deg. fahr., formula (4) gives the same 
result. 

Combustion of Bituminous Coals . — H. Kreisinger, Prac. Engr., Apr. 15, 1917, 
p. 347. 

20. Calorific Value of Coal. — The heat liberated by the complete com- 
bustion of unit weight of fuel is called the heating value or calorific value 
of the fuel. The only accurate method of determining tliis quantity 
for a solid fuel is to burn a weighed sample in an atmosphere of oxygen 
in a suitable calorimeter. An alternative method is to calculate the 
heating value from the ultimate analysis. Approximate results may 
be obtained from empirical formulas based upon the proximate analysis. 

Dulong’s formula is the generally accepted rule for calculating the 
heating value of coal. It is based on the assumption that all the oxygen 
in the fuel and enough hydrogen to unite with it is inert in the form of 
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water and that the remainder of the hydrogen and all of the carbon 
and sulphur are available for oxidation thus: 

-|) + 4000S* (5) 

in which hd = heating value in B.t.u. per pound of fuel. 

C, H, 0 and S refer to the proportion by weight of carbon, hydrogen, 
oxygen and sulphur in the fuel. 

Heating values calculated by means of Dulong’s formula fail to check 
with calorimetric determinations because 

(1) The heating values of the elements, carbon, hydrogen and sul- 
phur are not accurately established and the true values may depart 
somewhat from those given in the formula. 

(2) The heating value of an element in the free state is not necessarily 
the same as when a component of a chemical compound, because of ab- 
sorption or evolution of heat during formation of the compound. 

(3) The oxygen content in the ultimate analysis is determined by 
difference. This method throws the summation of all the errors in- 
curred in the other determinations upon the oxygen. Furthermore, 
the assumption that all of the oxygen is combined with hydrogen to 
form water is not true since some of the oxygen may be combined with 
carbon. 

However, in spite of these objections, extensive investigations show 
that Dulong’s formula gives results which agree substantially with 
calorimetric determinations for all ordinary coals. With lignite, wood 
and other fuels high in oxygen and with some fuels high in hydrogen 
such as cannel coal, the results are not reliable and may be considerably 
in error. 

Numerous attempts have been made to establish empirical formulas 
for calculating the heat value from the proximate analysis but the 
results have been decidedly discordant. Many of these rules give con- 
sistent results when applied to certain classes of fuels or to fuels from 
a given district, but as general laws they may lead to serious error. 

In this connection may be mentioned the investigations of Mahler,t 
Lord and Haas,t Parr and Wheeler, § Goutal,|] and Kent.1[ 

* In the fuel bulletins of the U. S. Geological Survey and the Bureau of Mines, 
Dulong’s formula is stated: 

hd = 14,544 C + 62,028 

t Kent, Steam Boiler Economy, 1915, p. 143. 

t Transactions of American Soc. of Mechanical Engineers, Vol. 27, 1897, p. 259. 

§ Illinois University Engineering Experiment Station, Bulletin 37, 1909. 

II Comptes Rendus de L^Academie des Sciences, Vol. 135, p. 477. 

1[ Transactions of American Soc. of Mechanical Engineers, Vol. 36, 1914, p. 189. 


(h - I) + 4050 S. 


ha = 


14,600 C + 62,000 fn 
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When a series of tests is being made with a view of improving effi- 
ciency it is of considerable importance to have the results of each test 
immediately after completion of the run in order that the information 
gained may be used in the succeeding tests. For this reason it is par- 
ticularly desirable to determine the heating value of the coal and 
cinders” with as little delay as possible. If the source of the coal sup- 
ply is known the simplest, and a fairly accurate method, is to assume 
a fixed heat value for the combustible. This may be obtained from 
results of previous tests or from results published by the Bureau of Mines. 
For example, the average heat value of the combustible for a number 
of Illinois coals as compiled from Government reports and other sources, 
is 14,300 B.t.u. per pound. With the exception of a very few samples 
the actual heating value varied less than 2 per cent from this average 
and the maTimum departure did not exceed 3 per cent. Extensive 
experiments conducted in the power plant laboratory of Armour & 
Company, Chicago, Illinois, show that the heat value of the combustible 
in the refuse or eUiikers is practically that of the combm' 'ble ' i the fuel, 
averaging 14,100 B.t.u. per pound for Illinois coals. 

The heating value of any fuel may be determined from .iOximato 
analysis with a fair degree of accuracy by calculating the ultimate 
analysis, as shown in the preceding paragraphs, and app.- 'g Tulong’s 
formula. 

Calorimetric determinations are necessary in all cases where ac- 
curacy is required. 


Example 5. Approximate the heat values for the Illinois coal (analy- 
sis as in Example 1) from the calculated ultimate analysis. 



B.t.u. per 
Pound of Coal 
as Rccoivocl. 

Departure from 
Calorimeter 
DeterminationH, 
Per Coni. 

1. Assuming a fixed heat value for the combustible 
h = 14,300 X 0.8163 

11,074 

-2.30 

2. Calculated from Dulong^s formula: 

^ {a) h = 14,600 X 0.65 + 62,000 X 0.0326 + 4000 

X 0.028 

11,623 

-1.90 

* (6) A = 14,600 X 0.682 + 62,000 

(0.0435 O-Of) 

12,053 

+0.80 

* (c) A = 14.600 X 0.6655 + 62,000 

/ rv^tC'i \ 



( 0.0428 - 4000 X 0.0197 . . 

11,809 

-0.76 

3. Actual value from calorimeter test 

11,957 

0.00 


(a) Ultimate analysis calculated from average analysis of Illinois coals. Hoe Example i, 

(b) Ultimate analysis calculated from proximate analysis (Blquations (1) to (3) ). 

(c) Ultimate analysis from chemical tests. 
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TABLE 11. 

VARL4TIOX IN C.4LORIFIC VALUE OF FUELS. 
lAs Mined.) 



B.t u. 

Air-dried wood 

6,000 to 7,500 

Air-dried peat . . . 

About 7,500 

Lignite . 

5,200 to 7,500 

Sub-bituminous coal 

5,500 to 11,500 

Bituminous coal 

10,000 to 14,500 

Semi-bituminous coal 

13,500 to 14,900 

Anthracite coal . . 

11,000 to 13,800 

California crude oil 

17,000 to 19,300 

Pennsylvania heavy crude oil 

About 20,700 


21. Air Theoretically Required for Complete Combustion. — The corn- 
bus tible'^portioii of all commercial fuels consists chiefly of carbon and 
hydrogen and a small percentage of volatile sulphur. Based upon the 
approximate molecular weights the carbon, hydrogen and sulphur 
require the following weights of oxygen for complete combustion: 


1 

1 lb. carbon requires 
1 lb. hydrogen requires 
1 lb. sulphur requires 


q, 

C 

O2 

2H2 

O2 

s 


Q2 

^ = 2.66 + lb. oxygen. 
^ = 8.00 lb. oxygen. 

II = 1.00 lb. oxygen. 


In the ordinary furnace the oxygen is obtained from the atmosphere 
which, neglecting moisture and a few minor elements, contains oxygen 
and nitrogen mechanically mixed as follows: 


PROPORTION OF NITROGEN AND OXYGEN IN DRY ATMOSPHERIC AIR. 



Exact Value 

Approximate Value. 

By Volume. 

By Weight. 

By Volume. 

By Weight. 

Nitrogen 

79.09 

76,85 

79.0 

77.0 

Oxygen 

20.91 

23.15 

21,0 

23.0 

N^O 

3.782 

3.32 

3.76 

3.34 

(N + 0)-f-0 

4.782 

4.32 

4 76 

4.35 
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Hence the dry air requirements are: 

1 lb. of carbon requires 2.66 X 4.35 = 11.58 lb. dry air. 

1 lb. of hydrogen requires 8.00 X 4.35 = 34.8 lb. dry air. 

1 lb. of sulphur requires 1.00 X 4.35 = 4.351b. dry air and for a com- 
pound fuel 

Ai = 11.58 C + 34.8 (^H - |) + 4.35 S, (5) 

in which 

Ai = weight of dry air required. 

C, H, 0, and S = proportional part of the carbon, hydrogen, oxygen 
and volatile sulphur in the fuel. 

~ = proportional part of the hydrogen supplied with oxygen from the 
fuel itself.* 

It should be borne in mind that these values are based on the ap- 
proximate molecular weights of the various elements and the assumption 
that the air is composed of 23 parts oxygen and 77 parts of nitrogen, 
by weight. Using the exact molecular weights, as fixed by the Inter- 
national Committee on Atomic Weights, and taking the air as composed 
of 23.15 per cent oxygen and 76.85 per cent nitrogen, equation (5) be- 
comes 

Ai = 11.5 C + 34.2 (h - + 4.3 S. (6) 

In using equation (6) in connection with the determination of heat 
losses, to be consistent, all calculations should be made with the exact 
molecular weights and the true ratio of nitrogen to oxygen in atmospheric 
air. The theoretical weights of air as calculated from equations (5) 
and (6) differ by approximately one per cent as a maximum. 

Example 6. Required the theoretical weight of dry air supplied per 
pound of coal as fired with analysis as follows: 


Per Cent. Per Cent, 

Carbon. . . 65 Ash and Sulphur 13 

Hydrogen . . . . .5 Water 8 

Oxygen.. 8 Total 100 

Nitrogen 1 


* This term does not contain a proper correction for the hydrogen con- 

tained in the moisture, for not all of the oxygen in coal is combined with hydrogen. 
Part of the oxygen is probably combined with nitrogen in organic nitrat(^H and part 
may be present in carbonates in mineral matter caught in the coal The error of 
this assumption, however, lies within the accuracy of the average boiler observations. 
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Substituting the value of C, H, and 0 in equation (5) 

— ^ pounds, 

the theoretical weight of dry air necessary to burn one pound of coal 
as fired. 

Since the coal contains 8 per cent of moisture the weight of dry air 
required per pound of dry coal is 

= 9.69 pounds. 

The water and ash only are treated as incombustible, therefore the 
air required per pound of combustible is 

8 92 

= 11.29 pounds. 

Similar calculations for different fuels will show that the theoretical 
air requirements per pound of fuel or combustible vary within wide 
limits. When expressed in terms of theoretical air requirements per 
10,000 B.t.u., however, there is a close agreement between all fuels. 
Several hundred fuels ranging from peat to crude oil rated on this basis 
gave an average value of 7.5 pounds of air per 10,000 B.t.u. with a 
maximum departure not exceeding 2 per cent. The calorific value of 
the coal in the preceding example is 15,150 B.t.u. per pound of com- 
bustible; on the B.t.u. basis this gives 

J^^X7.5= 11.35 pounds, 

which checks substantially with the calculated value. See also Table 13. 

Products of Combustion. — A knowledge of the constituents of the 
solid and gaseous products resulting from the combustion of a fuel offers 
a means of determining the losses incident to such combustion. For 
maximum efficiency complete combustion with theoretical air re- 
quirements is necessary and the resulting products should consist only 
of CO 2 , N 2 , H 2 O, ash, and the oxides of other combustible elements in 
the fuel. The dry gaseous products, such as appear in the commercial 
flue gas analysis, will consist of CO 2 and N 2 only, since the SO 2 , if there 
is any, is partly absorbed by the water in the samphng apparatus 
(see paragraph 415) while some of it probably goes into the CO 2 pipette 
and appears in the analysis as CO 2 . It is difficult to determine the 
exact distribution but since the maximum error due to this source does 
not exceed 0.2 per cent it is common practice to disregard the SO 2 
entirely. If combustion is complete but air is used in excess of theo- 
retical requirements the gaseous products will include free oxygen. If 
combustion is incomplete CO will also be present in the gaseous products 
and perhaps small quantities of hydrocarbons. The following ex- 


Ai = 11.58 X 0.65 + 34.8 


(o.Oo 
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amples illustrate some of the accepted methods for determining the 
constituents of the products of combustion. 


Example 7. Required the character and amount of the products of 
combustion if one pound of coal, as per following ultimate analysis, 
is completely burned with theoretical air requirements. 


Carbon 65 

Hydrogen 5 

0:^gen 8 

Nitrogen 1 


Ash 12 

Water ... 8 

Sulphur. . . .... 1 

Total .. . . . 100 


TABULATED CALCULATIONS. 


Pounds of Substance per Pound of Coal as Fired. 



Co 

Ho 

Oo 

No 

COo 

HoO 

Ash. 

The carbon will produce: 

Oarhon 

0 65 







0 65 X rt 




2.38 



0.65 X fi 



1.73 



0 65 X f| X 

5.80 




The available hydrogen will 
produce: 

Hydrogen 


0.04 





fo os - 9 





0.36 


fo.05- 



0 32 




V 8 / 

/o.06-^^^8XH 



1.07 




The oxygen and inert hydrogen 
will produce: 

Hydrogen 

[ 

1 

0.01 





Oxygen 


0 08 





0.08 + ^ 





0.09 


8 

The nitrogen in the fuel* is con- 
sidered inert 




0.01 



The moisture will appear as 
vapor 





0,08 


Ash plus sulphur f 






0.13 

Total 

0.65 

0.05 

2.13 

6.88 

2.38 

0.53 

0.13 



* Tbis is not strictly true since a portion of the nitrogen content of the fuel appears in the flue gas in 
combination with other elements, but the amount is so small compared with that supplie<l in the air 
that no appreciable error arises from the assumption that it remains inert and passes through the furnace 
without change. 

t The sulphur content is ordinarily so small that no attempt is made to separate the volatile and non- 
volatile constituents and the whole is treated as ash. If the volatile portion is to bo considered the in 
fluence of the SO2 or SO3 in the flue gas should be included in the heat balance. Some engineers treat 
one-half the sulphur as volatile and the balance as ash. 

Total gaseous products = CO 2 + N 2 + total H 2 O 

= 2.38 + 6.88-1- 0.53 = 9.791b. 

Or, separating the compounds into their elementary constituents, 
Total gaseous products = C + H 2 + O 2 + N 2 + free H 2 O 
= 0.65 + 0.05 + 2.13 + 6.88 + 0.08 
= 9.791b. 
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Total dry gaseous products = 9.79 - 0.53 (total HsO) = 9.26 lb. 
Dry air = 9.26 - C + 8 (h - - Ns (in the fuel) 

= 9.26 - 0.65 + 8^0.05 


0T8' 

8 


- 0.01 = 8.92 lb., 


which checks with the results as calculated from equation (5). Since 
the dry air consists of all the nitrogen supplied by the air and the oxygen 
for the combustion of the carbon and hydrogen we have as an addi- 
tional check, 


QO 

Dry air = 6.87 + 0.65 X ^ + 8 




= 6.87 + 1.73 + 0.32 = 8.921b. 


If the coal in the preceding problem is completely burned with 33| 
per cent air excess the products of combustion will be the same as before 
with the exception of the addition of | X 8.92 = 2.97 lb. dry air. The 
gases, by weight, will consist of CO 2 = 2.38 lb., N 2 = 1| X 6.87 + 0.01 
= 9.17 lb., free O 2 = i X 2.05 = 0.68.1b., H 2 = 0.53 lb. or a total of 
12.76 lb. Weight of dry gases per Ib.'of coal = 12.76 — 0.53 = 12.23 
lb. 

The free oxygen comes from the air supplied and not used. This 

79 01 

oxygen is accompanied by = 3.78 times its volume of nitrogen. 

(N — 3.78 0) represents the nitrogen content of the air actually re- 
quired for the combustion represented by the flue gas analysis. Hence 
N 

— wWq T n is supplied to that theoretically required 

JN — o.7o U 

to burn the coal to CO and CO 2 . For the example under consideration 

N 81.2 _ 

N - 3.78 0 81.2 - 3.78 X 5.4 

100 X 1.335 — 100 = 33.5 per cent = air excess, which agrees substan- 
tially with results as previously determined. » . ! 

If all the carbon had burned to CO 2 the ratio of the total air supply 
to that theoretically required for complete combustion is 

N 

N-3.78 (0~-iCO)’ 

N in this case represents the nitrogen incident to the complete com- 
bustion of the carbon; (0 — J CO) represents the equivalent volume ot 
oxygen due to air excess since carbon combines with one volume of 
oxygen to form two volumes of CO. 

It will be noted that dry air only has been considered in the foregoing 
calculations. Atmospheric air is never dry, hence the weight of volume 
of atmospheric air will differ from the amounts as calculated above. 
For most engineering purposes atmospheric air may be considered dry. 
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For methods of determining the weight of dry air in atmospheric air 
see paragraph 470. 

In the preceding calculation the products of combustion have been 
expressed on a weight basis, which, as will be shown later, is most con- 
venient for calculating the various heat losses. However, in deter- 
mining the gaseous constituents of the products of combustion the 
measurements are made volumetrically. The transfer from one basis 
to the other is readily effected by the following adaptation of Avo- 
gadro^s law: * 

Lb. per cu. ft. of any gas = 0.00278 m. (7) 

Conversely, cu. ft. per lb. of any gas = 358.6 -r* m, (8) 

in which 

m = molecular weight of the gas referred to oxygen as 32. Volumes 
measured at 32 deg. fahr. and atmospheric pressure, 29.92 
inches of mercury. 

Thus, the volume of one pound of CO 2 at 32 deg. fahr. and 29.92 
inches of mercury = V = 358.6 44 = 8.15 cu. ft. 

Similarly the volumes of one pound of oxygen and nitrogen are 11.21 
and 12.77 cu. ft. respectively. 

Example 8. Transfer the flue gases in Example 7 from a weight to a 
volume basis. 

In Example 7 it was shown that for complete combustion with theo- 
retical air requirements the dry gaseous products of combustion con- 
sisted of 2.38 lb. CO 2 and 6.88 lb. Ng. 

2 qR -i- 44 

Percent CO^by vol. = 100 X 28 == 


For complete combustion with 33| per cent air excess the dry gaseous 
products consisted of 2.38 lb. CO 2 , 9.16 lb. N 2 , and 0.69 lb. free O 2 . 
Transferring to the volumetric basis: 


Per cent CO 2 by vol. = 


2.38 44 


2.38 44 + 9.16 -^ 28 + 0.69 32 

0.054 5.4 


= 100 X 


0.054 + 0.327 + 0.022 0.403 


X 100 
13.4. 


Per cent N 2 by vol. = 
Per cent free O 2 by vol. = 


32.7 

0.403 

2.2 

0.054 


= 81 . 1 . 


5 . 5 . 


* Equal volumes of all gases contain the same number of molcoulos when at the 
same temperature and pressure. 
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When chemical reactions are expressed in terms of molecules the 
coefficients of the molecule symbols represent relative volumes^ thus^ 
the reaction C + Oo = CO 2 , shows that one volume of oxygen combined 
with carbon forms one volume of CO 2 , both being measured at the same 
temperature and pressure. Therefore, the volume of CO 2 after com- 
bustion is precisely the same as that of the oxygen before it was 
combined with the carbon. The volume of one pound of CO 2 as de- 
termined above is 8.15 cubic feet and since one pound of carbon unites 
with 2| pounds of oxygen to form 3f pounds of CO 2 we have 


Substance. 

Weight per Lb. of 
Carbon, Lb. 

Spec. Volume, 
Cu. Ft, per Lb. 

Actual Volume 
Resulting from 
the Combustion 
of 1 Lb. of Car- 
bon, Cu. Ft. 

Per Cent by 
Volume. 




A. 

B 


For Theoretical Air Requirement. 


(CO 2 

3| 

X 

8.15 = 

29.89 

20.91 

Free lO 

0 





(N 

8 85 

X 

12 77 = 

ii3 oi 

79 09 

Total 




142 90 

100.00 


For 50 Per Cent Air Excess. 


(CO 2 

Free <0 

(N 

3| 

0.5X21 

1.5X8.85 

X 

X 

X 

8 15 = 
11.21 = 
12 77 

29.89 

14.94 

169.56 

If ^ [20.91 
79.09 

Total 




214.39 

100.00 


For 100 Per Cent Air Excess. 


(CO, 

Free <0 

<N 

3| X 
2| X 
2X8.85 X 

8.15 = 
11.21 = 
12.77 = 

29.89 

29.89 

226.08 

10.45+^20 Qi 
10.45+i^'^ 

79 09 

Total 



285.86 

100.00 





It will be noted that the actual volume of CO 2 is always the same 
irrespective of the excess of air supplied, while the percentage by volume 
decreases as the excess of air increases. In each case CO 2 + 0 = 20.9 
is constant. (The approximate value 21 is ordinarily taken instead of 
the exact quantity, 20.9*} 
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The actual volume of oxygen and the percentage by volume increase 
with the amount of excess air, therefore either the CO 2 or 0 content of 
the products of combustion is a true index of the air excess. This 
applies to the complete combustion of pure carbon only. Assuming an 
average theoretical air requirement of 1 1. 5 pounds of air for the complete 
combustion of pure carbon the resulting air requirements for different 
percentage of CO 2 arc given in Table 12. Although the actual volume 
of nitrogen increases with the air excess its volume percentage remains 
the same after combustion as before. The nitrogen performs no useful 
function in combustion and passes through the furnace without change. 
It simply dilutes the oxygen for combustion and its presence in the 
flue gases represents a large percentage of the heat lost in the chimney. 

CO produced by incomplete combustion of carbon will occupy twice 
the volume of oxygen entering into its composition as is evidenced from 
the molecular reaction 20 + 02 = 2C0. 

' Therefore, with pure carbon as fuel, the sum of the percentages by 
volume of CO 2 , O 2 and | CO must be in the same ratio to the nitrogen in 
the flue gas as is oxygen to the nitrogen in the air supplied; viz., 20.91 
to 79.09. When burning coal, however, the percentage of nitrogen is 
obtained by subtracting the sum of the percentages by volume of the 
other gases from 100. 

In commercial furnace practice CO 2 is used as the index to efficiency 
of combustion because of the ease with which it is obtained. For 
fuels high in volatile matter the per cent of CO 2 in the products of com- 
bustion is less than 20.91 for complete combustion, since the oxygen 
which combines with hydrogen to form H 2 O does not appear in the 
sample as ordinarily tested: thus for heavy crude oil the corresponding 
maximum content of CO 2 is approximately IG per cent. The air re- 
quirements and resulting CO 2 content for complete combustion of a 
number of typical fuels are given in Table 13. 


TABLE 12. 

WEIGHT OF AIR PER POUND OF CARBON AS INDICATED BY THE PERCENTAGE OP 
CO 2 IN THE FLUE GAS, . 


Per Cent of 
CO 2 . 

Pounds of Air. 

Per Cent of 
CO 2 . 

Pounds of Air. 

Per Cent of 
COa. 

Pounds of Air. 

20 9 

11 5 

14 

17.1 

7 

34.3 

20 

12 0 

13 

18.5 

6 

40.0 

19 

12.6 

12 

20.0 

5 

48.0 

18 

13.3 

11 

21,8 

4 

60,0 

17 

14.1 

10 

24.0 

3 

80.0 

16 

15.0 

9 

26.7 

2 

120.0 

15 

16.0 

8 

30.0 

1 

240 
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TABLE 13. 

THEORETICAL AIR REQUIREMENTS FOR VARIOUS FUELS AND THE RESULTING 
MAXIMUM PER CENT CO. IN THE FLUE GAS FOR COMPLETE COMBUSTION. 


Fuel, Moisture and 


Ultimate Analysi^t.* 


Air, Pounds. 

CO2, 

Per Cent 
by Volume. 

Ash Free. 

C. 

H 

N. 


s. 

Per Pound 
of Fuel. 

Per 10, (KW 
B.t.u t 

Pure carbon 
Anthracite . 

100 00 
94 39 

1.77 

0 71 

*2.13 

1.00 

11 58 

11 39 

7 4 * 

20.91 

20 06 

Semi-anthracite. . 

89 64 

3 97 

0.63 

3 23 

2 53 

11 59 

7 5 

20 00 

Semi-bituminous . 

86 39 

4 84 

1 46 

5 50 

1 81 

11 41 

7.6 

18.65 

Bituminous.. . 

79 71 

5 52 

1.52 

9 87 

3.38 

10 70 

7 4 

18.46 

Sub-bituminous . 

78 06 

5 70 

1 35 

13.10 

1 79 

10 24 

7.3 

^ 18.56 

Lignite 

70 64 

4.61 

1.22 

22 67 1 

0 86 

8 75 

7 3 

19.68 

Peat 

59 42 

5.50 

1.50 

33 33 

0 25 

7 30 

7.6 

20.79 

Crude oil 

84 90 

13 7 

0.60 

0 80 


14 45 

7 5 

15.90 


* Compiled from Bulletins No. 22 and No. 85, U. S Bureau of Mines. 

t 200 samples of various fuels gave an average theoretical air requirement of 7.5 pounds per 10,000 
B.t.u. (Bomb calorimeter). The maximum variation did not depart more than 2 per cent from the 
average value. 

In eoal-burning practice, from 15 to 16 per cent of CO 2 is all that can 
be expected under the very best conditions, with an average range 
for general practice between 10 per cent and 14 per cent. Anything 
less than 12 per cent shows an excessive amount of air supplied. Trav- 
eling grates, unless carefully operated, are apt to show as low as 5 
per cent of CO 2 . 



Fig. 8 . Relation of Gas Composition in Combustion Chamber to Temperature. 

It must not be assumed that a high percentage of CO 2 in the flue 
gas is necessarily a true indication of good combustion and hence of 
high eflS.ciency. As the percentage of CO 2 increases there is a tendency 
for the CO to increase also (see Fig. 8) and the thermal gain due to 
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minimum air excess as indicated by the high percentage of CO 2 may be 
more than offset by the loss due to incomplete combustion (see para- 
graph 27). Determinations of the CO content of the flue gas are neces- 
sary for an accurate heat balance and particularly so if the CO 2 content 
is high. 

33. Ate Actually Supplied for Combustion. — In practice the amount 
of air supplied is measured directly in situations where such measure- 
ments can be readily made, as in connection with mechanical draft, or 
where the entire air supply is forced to flow through a conduit. In 
most cases, however, physical measurements of flow are not feasible 
and the amoimt of air supphed is calculated from the flue-gas analysis.* 
The latter offers a fairly accurate method for determining air excess, 
provided the sample of gas is truly representative of average conditions. 

Based upon the ratio of the combining weights, the weight of carbon 
in CO 2 = A CO 2 , and that in CO = f CO. If CO 2 -f- 0 4 - CO -{- N = 
total gas in percentage by weight the weight A 3 of the dry gas per pound 
of carbon actually burned is 

4 — OO2 ~1~ 0 CO -I" N 

® ACOs -1- ? CO ■ 


Multiplying each gas by its respective molecular weight, viz., CO 2 = 
44, 0 = 32, CO and N = 28, and reducing, we have 


4 llC02 + 80-h7(C0-hN) 

3(C02-hC0) ’ 

in which 

As = weight of dry gas per pound of carbon actually burned. 

CO 2 , CO, 0 and N = percentages by volume of the carbon dioxide, 
carbon monoxide, oxygen and nitrogen in the flue gas. 

Since CO 2 + CO -|- 0 -f N = 100, neglecting traces of minor con- 
stituents, CO = 100 — CO 2 — 0— N. Substituting this value of CO 
in equation (10) and reducing, we have 


4 CO 2 + 0 -t- 700 
3(C02-|-C0) 


( 11 ) 


Example 9. Determine the weight of dry air supplied per pound of 
coal as fired, analysis as in paragraph 22, if the flue gas resulting from 
the combustion is composed of 


CO 2 12.8 per cent by volume. 

CO 0.6 per cent by volume. 

O 2 5.4 per cent by volume. 

N 2 81.2 per cent by volume (by difference). 


For Flue-Gas see Par. 415. 
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Substituting the various percentages in equation (11) 


4 X 12.8 + 5.4 + 700 
3 (12.8 + 0.6j 
actually burned. 


18.82 lb. of dr}" gas per lb. of carbon 


Since the coal as fired contains 0.65 carbon, the dry gas per lb. of 
coal burned = 18.82 X 0.65 = 12.23 lb. If part of the coal fails 
through the grate, as is always the case in practice, the weight of carbon 
actually burned should be taken instead of the total carbon content. 

The total weight of dry air actually supplied per pound of coal burned 

-5f) = 11.90. 


12.23 - 0.65 + 8 0.05 


It has been previously shown (paragraph 21) that the coal under 
consideration requires 8.92 pounds of air for theoretical combustion, 

hence 1 -» r Q 9 

Air excess = 100 — ^ — - — = 33.4 per cent. 


The 7 N in equation (10) represents the N supplied by the air less the 
negligible amount furnished by the fuel itself. Since the nitrogen con- 
tent of air is 77 per cent of the weight of the air, we have 


in which 


A4 = 


7N 


3 (CO 2 + CO) 


0.77 


3.03 N 
CO 2 + CO'* 


( 12 ) 


A 4 = the weight of dry air supplied per pound of carbon burned. 

N, CO 2 , CO = percentages by volume of nitrogen, carbon dioxide and 
carbon monoxide in the flue gas. 


For the example cited above 

. 3.03X81.2 , 

^ = T 2.8 + 0:6 


For the coal under consideration 


Dry air per pound = 0.65 X 18.36 = 11.93. 

This checks practically with results calculated from equation (11). 

The relation between excess air and CO 2 in the flue gases for a specific 
case is illustrated in Fig. 9. These results were obtained from a 508 
horsepower Babcock & Wilcox boiler equipped with chain grate and 
burning Illinois coal. (University of Illinois Bui. 32, April 12, 1915.) 


Air Excess in Boiler Furnace Practice: National Engr., Feb., 1915, p. 90. 

The Importance of CO 2 , as an Index to Combustion and in Connection with Flue 
Gas Temperature^ to Boiler Efficiency: Trans. A.S.M.E., 32-1215. Flue Gas Analysis 
and Calculations: Power, Aug. 9, 1910; Eng. Review, Aug., 1910. Real Relation 
of CO 2 to Chimney Losses: Power, Dec. 7, 1909, p. 969. Sampling and Analysis of 
Furnace Gas: Power, Aug. 22, 1911, p. 282; Bulletin No. 97, U. S. Bureau of Mines. 
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34. Temperature of Combustion. — The actual temperature incident 
to the combustion of a fuel is most satisfactorily determined by means 
of a suitable thermometer or pyrometer. The theoretical temperature of 
combustion may be calculated from the simple relationship 

+ ( 13 ) 

in which 

ti = final temperature of the products of combustion, deg. fahr. 
h = low calorific value of the fuel, B.t.u. per pound, 
s = mean specific heat of the products of combustion. 
w = weight of the products of combustion, pounds per pound of fuel. 
t = initial temperature of the fuel and air supply, deg. fahr. 

Thus, in the combustion of one pound of carbon with theoretical air 
requirements, initial temperature 62 deg. fahr., the maximum thcorc^tical 
temperature will be 

14 'i40 

"" Kss’x 0.29 + fahr. (approx.). 

No such temperature has ever been obtained in practice from the 
combustion of carbon in air. The discrepancy between actual and 
calculated results is attributed to (1) difficulty of effecting complete 
combustion with theoretical air supply, (2) radiation losses, (3) (irror in 
the assumed value of the mean specific heat at this high temperature, 
and (4) uncertainty of the proportion of the calorific value of the fuel 
available, at this high temperature, for increasing the temperature of 
the products of combustion. 
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An inspection of equation (13) will show that the greater the weight 
of the products of combustion for a given weight of fuel, the lower will 
be the temperature of combustion. Evidently, for maximum tempera- 
ture the weight of air supplied per pound of fuel should be kept as low 
as possible, consistent with complete combustion. A perfect union 
of fuel and air in theoretical proportions is almost impossible, and to 
insure complete combustion an excess of air is necessary. The influence 
of air dilution on temperature of combustion is best illustrated by a 
practical example: 

Example 10. Required the theoretical temperature of combustion 
of carbon in air if 50 per cent air excess is necessary for complete com- 
bustion. Since the complete oxidation of one pound of carbon requires 
11.58 pounds of air, the weight of the products of combustion will be 
11.58 + 0.5 X 11.58 + 1 = 18.37 pounds and the final increase in 
temperature will be 

14 . uo 

ti = 18.37 ’x 0.27 "" 


Data relative to the specific heats of gases are rather discordant. 
The following equations are considered by the U. S. Bureau of Standards 
to be as nearly accurate as it is possible to give at the present time (1916) . 


For Na 

s 

= 0.249 + 0.000'019 t 

(14) 

CO 

s 

= 0.250 + 0.000'019 t 

(15) 

Oa 

s 

= 0.218 + O.OOO'Ol? t 

(16) 

Ha 

s 

= 3.40 +0.000'27« 

(17) 

Air 

s 

= 0.241 + 0.000'019 t 

(18) 

0 

0 

s 

= 0.210 + 0.000'0742 { - O.OOO'OOO'OIS 

(19) 


in which 

s == mean specific heat at constant atmospheric pressure and tem- 
perature range 0 deg. cent, to t, 
t = maximum temperature. 

For the mean specific heat of H 2 O vapor see paragraph 449. 

Between 1000 deg. cent, and 1500 deg. cent, the results are un- 
certain and dependence can be placed in only the first two significant 
figures in the decimal Beyond 1500 deg. cent, the results are purely 
conjectural since experiments have not been made at these high tem- 
peratures. The values of the mean specific heat {s = 0.29 and s = 0.27) 
used in the preceding computations were calculated from these equations. 
The value s = 0.27 is probably not far from the truth, but the value 
= 0.29 may be considerably in error. 
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The mean specific heat between any two temperatures h and t may be 
determined by substituting {ti + t) for t in above equations. 

If the mean specific heats, Si, §2 • • • Sn? and weights, Wi, W 2 ... Wn, 
of the constituent gases of a compound are known the mean specific 
heat, Sj of the compound may be determined as follows: 

g _ W1S1 + W2S2 ■ • * ^ ^ 20 ) 

Wl + W2'-'+'Wn 

The application of formulas (14)-(19) at high temperatures to equa- 
tion (13) necessitates laborious calculations, and since the results arc 
only approximate at the best, extreme refinement in calculation is 
without purpose. The curves in Fig. 10 are plotted from these equations 
and afford a means of approximating the mean specific heat without 
the labor of solving the equations. 



Temperature, Deijrees Centigrade 

32 212 392 572 752 932 1112 1292 1472 IC62 1832 2012 2192 2372 2352 2732 2912 3092 3272 3102 3032 

Temperature, Degrees Fahrenlieit 

Fig. 10. Meaa Specific Heats of Gases at Constant Pressure. 

35. Heat Losses In Burning Coal. — A boiler in order to entirely 
utilize the heat of combustion of the fuel must be free from radiation 
and leakage losses, the fuel must be completely oxidized and the prod- 
ucts of combustion must be discharged at atmospheric temptiratuni. 
Commercially such conditions are unobtainable, hence complete utili- 
zation of the heat generated is impossible. A boiler which utilizes 
83 per cent of the heat value of the fuel is exceptional and an average 
figure for very good practice is not far from 77 per cent. The various 



FUELS AND COAIBUSTIOX 6l 

losses including the heat utilized by the boiler constitute the commercial 
“heat balance.” The losses considered are; 

1. Loss in the dry chimney gases. 

2. Loss due to incomplete combustion. 

3. Loss of fuel through the grate. 

4. Superheating the hygroscopic moisture in the air. 

5. Moisture in the fuel. 

6. Loss due to the presence of hydrogen in the fuel. 

7. Unburned fuel carried beyond the combustion chamber in the 
form of soot or smoke. 

8. Radiation and minor losses. 

Some of these losses are preventable. Others are inherent and can- 
not be avoided. 

36. Loss in the Dry Chimney Gases. — This loss depends upon the 
type and proportion of the boiler and setting and upon the rate of 
driving. It is usually the greatest of all the losses. The heat carried 
away may be expressed: 

hi=W (tc — t)c^ ( 21 ) 

in which 

hi = B.t.u. lost per pound of fuel. 

W = weight of dry chimney gases per pound of fuel. (See equation 10.) 

tc =T temperature of the escaping gases, deg. fahr. ; ;; 

t = temperature of the air entering the furnace. ! 

c =5 mean specific heat of the dry gases. (This may! be [taken as 
0.24 for most purposes.) > j 

' i I 

It will be noted that the magnitude of this loss depend^ chiefly upon 
the air- dilution and the temperature at which the gases are discharged. 
Flue temperatures less than 450 deg. fahr. are seldom experienced 
except in connection, with economizers, and the air dilution is ordinarily 
in excess of 50 per cent of theoretical requirements, hence the. loss 
from this cause may range from 8 per cent to 40 per cent of the total 
heat generated. In excellent practice it is not far from 12 per cent with 
a general average of from 20 to 25 per cent. In exceptional cases a loss 
from this cause as low as 9 per cent has been recorded. (Jour. A.S.M.E., 
Nov., 1911, p. 1463.) 

Table 14 indicates the magnitude of the losses for different chimney 
temperatures and weights of air per pound of carbon. 
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TABLE 14. 

HEAT CARRIED AWAY BY THE DRY CHIMNEY GASES PER POUND OF CARBON 


Temperature of Chimney Gases. Deg'. FaJir. 



300 ^ 

350 ® 

400 ® 

450 ® 


560 ® 

600 ® 

650 ® 

12 



1060 

1216 


1528 

1683 

1840 




7.3 

8.7 

9.5 

10.5 

11.6 

12.7 

15 

865 

1112 

1305 

1498 

1679 

1880 

2072 

2262 


6 

7.6 

9.1 

10.3 

11.6 

13.0 

14.3 

15.6 

18 


1321 


1778 


2235 

2460 

2692 


7.2 

9.1 


12.2 

13.9 

15.4 

17 

17.9 

21 

1266 

1530 

1785 



2582 

2846 

3118 


8.7 

10.5 

12.3 

14.2 

16 

17.8 

19.5 

21 

24 

1440 

1740 





3240 

n 


9.9 

12 

14 

16.1 

18.2 


22.4 

24.4 

27 j 

1611 


2281 


2958 

3291 


3962 


11.1 

13.5 

15.7 

18.1 

20.4 

22.7 

25 

27.4 

30 

1785 

2160 



3270 

3641 

4016 

4396 


12.4 

14.9 

17.4 


22.6 

25 

27.8 

30.4 

33 

1957 

2362 

2779 


3589 


4405 

4820 


13.5 

16.3 

19.2 

22 

24.7 


30.5 

33.2 

36 


2579 


3461 


4350 

4798 

6290 


14.7 

17.8 


23.9 

27 

30 

33 

36.6 

39 


2781 

3261 

3743 




5670 


15.9 

19.2 

22.5 

25.8 

29.2 

32.4 

35.7 

39 

42 

2479 









17.1 


24.7 

27.7 

31.3 

34.8 

39.4 

42 


* Assumed theoretical requirement. 


Large type gives the loss in B.t.u. per pound of carbon. 

Small type gives the per cent loss, assuming a calorific value of 14,540 B.t.u. pci' 
pound of carbon. 


27 . Loss Bue to Incomplete Combustion. — If the volatile gases are not 
completely oxidized, as when the air supply is insufficient or the mix- 
ture of air and gases is not thorough, some of the carbon may escape 
as CO. Some of the hydrocarbons may also pass through the furnace 
without being burned. (See Table 16.) The presence of even a small 
amount of CO in the flue gas is indicative of a very appreciable loss, 
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TABLE 15. 

ANALYSIS OF CHDINEY GASES. 

(Report of Committee for Testing Smoke-preventing Appliances, Manchester, England, 1905.) 





Smoky. 




Clear. 














CO 2 

O 2 

CO 

CH 4 

Ho 

0 

p 

O 2 

CO 

CH 4 

H 2 N 2 

No. 1, hand fired. . 

111 00 

6 90 

0 90 



81.20 






llO 65 

6.45 

2.15 



80.75 





No. 1, with smoke-pre- 






j7 00 

13 50 

0 


.... 79 56 

vention device . . . 






\9.00 

9 75 

0 


.. . . 81.25 


io 25 

8 60 

.50 

0 

0 

SO 65 . 





No. 3, hand fired 

13.25 

3.50 

.05 

0.25 

0 

82 95 




... 

No. 4, fire under caustic 











pot, hand fired 

10 95 

1.30 

3 00 

.70 

3.23 

80 82 . . 





No. 5, split bridge, hand 











fired 

8.75 

7.00 

3 25 

.40 

1.00 

79.60 . 





No. 6 , with smoke-pre- 











vention device 






7 25 

12 00 

0 

0 

0 80.75 

No. 7, wnth smoke-pre- 











vention device 






7 15 

12 15 

0 

0 

0 80.70 

No. 8 , with smoke-pre- 











vention device . . . 






8.15 

11.10 

0 

1 

0 

0 80 75 


TABLE 16. 

RELATION OF CO AND COMBUSTION-CHAMBER TEMPERATURES. 
(U. S. Geological Survey). 


Per Cent of Black Smoke. 



0 

Oto 10 

10 to 20 

20 to 30 

30 to 40 

40 to 50 

50 to 60 

Number of tests 

37 

18 

56 

51 

36 

17 

4 

Average per cent of smoke 

0 

7 1 

15 5 

24 7 

34.7 

43 1 

52.9 

Average per cent of CO m flue gases 

Average per cent unaccounted for in heat 

0.05 

0 11 

0 11 

0.14 

0.21 

0 33 

0 35 

balance 

9 14 

10 60 

9 46 

10.93 

11.41 

13 41 

13 34 

Number of tests 

Average combustion-chamber temperature 

26 

16 

48 

45 

! 32 

17 

4 

CF.) 

2180 

2215 

2357 

2415 

2450 

2465 

2617 


Temperatures in combustion chamber were not determined on all tests. 


as will be seen from Table 17. Carbon monoxide is a colorless gas 
and its presence in the chimney gases cannot be detected by the fire- 
man, consequently the absence of smoke is not an infallible guide for 
perfect combustion. Since the heat of combustion of C to CO is but 
4380 B.t.u. against 14,540 B.t.u. for complete combustion of C to CO 2 
this loss may be expressed 

(14,540 - 4380) CO 
^ CO 2 + CO 
10,160 CO 
" ^ CO 2 + CO’ 


( 22 ) 
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in which 

ha = the loss in B.t.u. per pound of fuel. 

C = proportional part of carbon in the fuel which is burned and 
passes up the stack. 

CO 2 and CO are percentages by volume. 

This loss may be reduced to a neghgible quantity in a properly de- 
signed and carefully operated furnace. In fact the loss from this cause 
is often exaggerated and seldom exceeds 1 per cent of the total heat 
value of the fuel except during the few moments following the replen- 
ishing of a burned-down fire with fresh fuel or when the supply of air 


TABLE 17. 

LOSS DUE TO INCOMPLETE COMBUSTION OP CAEBON TO CARBON 
MONOXIDE. 



Large type gives the loss in B.t.u. per pound of carbon. Small typo gives the 
per cent loss, assuming a calorfic value of 14,540 B.t.u. per pound of carbon^ 
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is checked to meet a sudden reduction in load. In improperly designed 
furnaces in which the volatile gases are brought into contact with the 
cooler boiler surface before combustion is complete, the carbon monoxide 
may be reduced in temperature below its ignition point and conse- 
quently svill fail to combine with the oxygen. In such a case the loss 
may prove to be a serious one. 

High efficiencies necessitate minimum air excess, hence the presence 
of a small amount of CO may be expected in the flue gas. In a number 
of recent tests of modern central station boilers operating at 150 to 250 
per cent of standard rating, the loss due to the escape of CO in the 
flue gas ranged from 0.2 to 1.95 per cent of the heat value of the fuel 
(Western bituminous) with a general average, extended over several 
days, of 0.4 per cent. In these tests the per cent of CO 2 in the flue gas 
ranged from 11.95 to 15.45. The CO content appears to increase with 
the increase in CO 2 and furnace temperature as shown in Fig. 10, the 
curves of which are based on tests of a 250 horsepow’^er Heine boiler, 
hand fired. (Journal Western Society of Engineers, June 1907, p. 285.) 
Almost complete absence of CO is to be expected with large air excess 
in any well designed furnace, but it is possible for a high percentage 
of CO and a great excess of air supply to exist at the same time, though 
this combination is not likely to occur in a properly designed furnace 
except at very low rates of combustion. 

38. Loss of Fuel Through Grate. — The refuse from a fuel is that 
portion which falls into the pit in the form of ashes, unburned or par- 
tially burned fuel and cinders. 

In steam boiler practice the unconsumed carbon in the ash pit ranges 
from 15 to 50 per cent of the total weight of dry refuse depending upon 
the size and quality of coal, type of grate and rate of driving. The 
loss resulting from this waste of fuel ranges from 1.5 to 10 per cent or 
more, of the heat value of the fuel. It is impossible to assign a minimum 
value because of the various influencing factors, but numerous tests 
of recent installations, equipped with mechanical stokers, indicate that 
actual loss ranges from 1.5 to 5 per cent of the heat value of the fuel 
at normal driving rates. Coal which necessitates frequent slicing is 
apt to give greater losses from this cause than a free burning coal 

Extensive tests conducted by the American Gas & Electric Company, 
(Reginald Trautschold, Power, Feb. 22, 1916, p. 256) show that the 
actual yearly loss due to combustible in the refuse is not directly pro- 
portional to the combustible content but increases as shown by the 
actual loss” curve in Fig. 11. Thus, the reduction of the combustible 
content from 10 per cent to 5 per cent effects a yearly saving in. the 
ratio of 12.98 to 5.83 instead of 10 to 5. 
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In traveling grates in which a large percentage of the fine fuel falls 
through the front end of the grate a special hopper is ordinarily in- 
stalled in the ash pit which reclaims most of it. (See Fig. 130.) 

If he = calorific value of combustible in the dry refuse, 
y = percentage of combustible in the dry refuse, 
a = percentage of ash in the coal as fired, 
hz = heat loss in the refuse, B.t.u. per pound of coal as fired, 



For the average boiler test the calorific value of the combustible in the 
dry refuse may be taken as that of pure carbon or of the combustible in 
the coal (see end of paragraph 20) but for accurate results calorimetric 
determinations are necessary. 



1 2 3 I 5 (5 7 8 9 10 ll ‘ n 18 U 15 Xfi 17 IB 

Equlvaleat Coal Loss Due to Combustible la Asb, Pei' Cent 


Fig. 11. Coal Loss Due to Combustible in Ash. 

! 2% Superheating the Moisture In the Air. — The loss duo to this 
cause is a minor one, though on hot, humid days it may be appreciable. 
This loss may be expressed 

= Me {tc — t)j ( 24 ) 

in which 

hi = B.t.u. lost per pound of fuel, 

M = weight of moisture introduced with the air per pound of fu(4, 
c — mean specific heat of water vapor, t to % deg. fahr., 
t = temperature of air entering the furnace, deg. fahr., 
tc = temperature of chimney gases, deg. fahr. 

M == zwvAf 


(25) 
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in wMch 

^ = relative humidity (see paragraph 470), 

w = weight of 1 cubic foot of water vapor at t deg. fahr. (this may 
be taken directly from steam tables), 

V = volume of 1 pound of dry air at t deg. fahr., cubic feet, 

A = weight of dry air supplied per pound of fuel burned. 

M* Loss Due to Moisture in the FueL — Moisture in the fuel repre- 
sents an appreciable loss in economy if present in large quantities, since 
the heat necessary to evaporate it into superheated steam at chimney 
temperature is lost. Firemen occasionally wet the coal to assist 
coking or to reduce the dust, but moisture thus added necessarily 
reduces the theoretical furnace efficiency. Under certain conditions 
wet coal may give a higher evaporation than dry coal, that is, the 
moisture may assist in packing the fuel and thus reduce loss through the 
grate, and in case of thin &es, reduce air excess. The action of the 
moisture is purely mechanical. (See paragraph 99.) 

The loss due to evaporating the moisture may be expressed 

in which h=W[\-Ci{t- 32) + c' {to - ^0],* (26) 

h = B.t.u. lost per pound of fuel. 

W = weight of free moisture per pound of fuel. 

X = total heat of one pound of saturated steam above 32 deg. fahr., 
corresponding to the temperature at which evaporation takes 
place. 

Cl = mean specific heat of water, 32 to t deg. fahr. 
t = temperature of the fuel, deg. fahr. 

c' = mean specific heat of the water vapor, tc to t deg. fahr. 

tc = temperature of the chimney gas. 

f = temperature, at which evaporation takes place, deg. fahr. 
The temperature at which evaporation begins is low because of 
the low partial pressure of the vapor in the gaseous products of 
combustion and may range from 70 to 120 degrees, depending 
upon the composition of the gases and the amount of moisture 
evaporated. Fortunately, the term X — c't' is practically con- 
stant for a wide range of f and consequently a knowledge of 
the actual value for each set of conditions is not necessary. 

Assuming c' = 0.46 and taking X from the steam tables for all values 
ranging from f = 70 to f = 120 degrees, we find that X — 0.46 f = 
1058.6. Substituting this value in equation (26) and reducing, 

[1090.6 - t + 0.46 to]. (27) 

* For all engineering purposes Ci may be taken as unity and in the following equa- 
tions it has been considered as such. 
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31. Loss Bue to the Presence of Hydrogen In the Fuel. — The hydro- 
gen in any fuel which is not rendered inert by oxygen burns to water 
and in so doing liberates 62,000 B.t.u. per pound. All of this heat is 
not available for producing steam in the boiler, since the water formed 
by combustion is discharged with the flue gases as superheated steam 
at chimney temperature. This loss is equal to 

he (1090.6 - t + 0.46 Q, (28) 

in which 

he = B.t.u. lost per pound of fuel, 

H = weight of hydrogen per pound of fuel burned. 

All other notations as in equations (26) and (27) . 

With anthracite coal this loss is approximately 2.5 per cent of the 
total heat value of the combustible and with bituminous coal it runs as 
high as 4.5 per cent. 

32. Loss Due to Visible Smoke. — Visible smoke consists of carbon in 
a flocculent state and ash mixed with the products of combustion. It is 
seldom evident in connection with anthracite coal and is generally 
associated with bituminous fuel. A smoky chimney does not neces- 
sarily indicate an inefficient furnace, since the losses due to visible 
smoke generation seldom exceed one per cent; * as a matter of fact, a 
smoky chimney may be much more economical than one which is 
smokeless. That is to say, a furnace operating with minimum air sup- 
ply may cause dense clouds of smoke and still give a higher evaporation 
than one made smokeless by a very large excess of air. There will Ixi 
some loss due to carbon monoxide, unburned hydrocarbons and soot 
in the former case, but this may be more than offset by the excessive 
losses caused by the heat carried away in the chimney gases in the 
latter. The amount of combustible in the soot and cinders deposited 
on the tubes and in various parts of the setting seldom exceeds one per 
cent of the calorific value of the fuel. 

Smoke has become such a public nuisance, particularly in the larger 
cities, that special ordinances prohibiting its production have been 
enacted and violators are subject to heavy fines. Effc'.ctive (uiforcxv 
ment of these ordinances renders smoke production very costly and 
the problem of smokeless combustion becomes a momentouB one. 

The subject of smoke prevention and smoke-prevention devices is 
discussed at some length in Chapter V. 

33. ^ Radiation and Unaccounted For. — These losses are usually de- 
termined by difference. That is, thd difference between the he, at 
represented in the steam and the losses just mentioned are charged to 

* See paragraph 92. 



FUELS AND COMBUSTIOX 


69 


unconsumed hydrogen and hydrocarbons, to radiation and unaccounted 
for.’’ Unless accurate observations have been made in determining 
the various factors entering into the heat balance the radiation and 
unaccounted for loss may represent a large percentage of the total 
heating value of the coal. Careful tests on well-desigried boiler furnaces 
show that the radiation loss seldom exceeds two per cent. In case of 
very poorly installed settings or w^hen the rate of dri\dng is very low the 
radiation loss may be considerably more than this. An examination 
of the data from carefully conducted tests of modern boiler furnaces 
will show that the radiation and unaccounted for’^ items range from 
2 to 6 per cent with an average of about 4 per cent. Soot deposited 
on the boiler tubes and throughout the setting, and cinders blovm 
out the stack under high draft pressm*es may greatly increase the un- 
accounted for loss, unless means are available for determining these 
factors. For data pertaining to the loss represented by visible smoke, 
soot, and cinders, see paragraph 92. 

34. Heat Balance. — Any chart giving the distribution of the various 
heat items constitutes a heat balance. The greater the number of 
subdivisions the more readily is it possible to locate the source of loss. 
The various factors entering into the commercial boiler heat balance 
as recommended by the American Society of Mechanical Engineers 
are itemized in Table 18.* According to this code the heat distribution 
is expressed in terms of ^^dry coaU^ or combustible.^^ When com- 
paring the performance of different installations this offers a most 
satisfactory basis, but the operating engineer in tracing out the source of 
heat loss with a view of bettering operation is chiefly concerned with 
^^coal as fired” and for this reason the heat balance is commonly ex- 
pressed in terms of the latter. It is impracticable to assign specific 
limiting values to a general heat balance because of the wide range in 
the various influencing factors, such as nature and quality of fuel, 
type of furnace and grate, rate of driving and the like, but for a rough 
approximation, Table 18 may be taken as representative practice. 

The heat balance in Table 18 refers to boiler in continuous oper- 
ation and does not include standby losses. (See paragraph 35.) 

The calculations of the various items included in the heat balance 
are best illustrated by a specific example. 

Example 11. Calculate the various heat losses from the following 
data: 

Heat absorbed by the boiler, 76 per cent of the calorific power of the 
coal as fired. 

* Rules for Conducting Evaporation Tests of Boilers, A.S.M.E., Code of 1916. 
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Analysis of coal as fired: PerCent. Percent. 

Carbon ... 65 Ash and sulphur . ... 13 

Oxygen 8 Free Moisture . 8 

Hydrogen 5 Nitrogen. , .... 1 

Calorific value as fired, 11,850 B.t.u. 

Flue-gas analysis : Per Cent. 

COo 12.8 CO 0 6 

qI 5.4 N2 81 2 (by difference) 


Temperature of air entering furnace, 70 deg. fahr.; temperature of 
flue gases, 470 deg. fahr.; temperature of the steam in the boiler, 340 
deg. fahr.; relative humidity of air entering furnace, 80 per cent; com- 
bustible in the dry refuse, 20 per cent. 

The heat distribution may be referred to the coal as fired, dry coal 
or combustible. In this problem it is referred to the coal as fired. 


CALCULATION. 

20 X 13 

The combustible in the ash referred to the coal as fired is __“20 

= 3.25 per cent or 0.0325 lb. per pound of coal. Taking this as carbon 
the actual weight of carbon burned and appearing in the chimney gas 
is 0.65 — 0.0325 = 0.6175 lb. per lb. of coal as fired. 

The weight of dry chimney gas per pound of carbon is equation (11) 

3 (12.8 + 0.6) 

For the carbon actually burned this is 18.82 X 0.6175 = 11.62 lb. 
per lb. of coal as fired. 

The dry air supplied per pound of coal as fired is (equation 12) 

. 3.032 X 81.2 _ 

12.8 + 0.6 ■ 

For the carbon actually burned this is 18.36 X 0.6175 = 11.34 lb. 
per lb. of coal as fired. 

DISTKIBXJTION OF ACTUAL LOSSES PER POUNI) OF COAL AS FIRED. 


Heat absorbed by boiler 
Dry chimney gas 


Incomplete combustion. . . , 

Combustible in refuse 

Moisture in the fuel 

Moisture from combustion 

of hydrogen 

Moisture in the air 


Radiation and unaccounted 
for 


0.76 X 11,850 
11.62 X (470 -70)0.24 

0.6175 X 10,160 

0.0325 X 14,600 

0.08 [1090.6 -h 0.46 X 470 - 70] 

9X0.05[1090X)+0.46 X 470 - 70] 
0.08X 0.00115 X 13.2 X 11.34 
X 0.46 (470 -70) 


By difference . 


B.t.u. 

For 

Coat. 

9,006 

1,115 

76.00 

9.40 

280 

2. 36 

474 

99 

4.00 

1 0.83 

550 

4.70 

25 

0.20 

295 

11,850 

1 2.51 

106:00 


Total 
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TABLE IS. 

TYPICAL HEAT B.\LAYCE. — BITCMIYOCS COAL. B.YSED OX COAL AS FIRED. 



Excel- 

lent 

Prac- 

tice. 

Good 

Prac- 

tice. 

Aver- 

age 

Prac- 

tice. 

Poor 

Prac- 

tice. 


Per Cent of Calorific Value of 
Coal as Fired. 

Heat absorbed by the boiler 

80.0 

75.0 

65 0 

i 60.0 

Loss due to the evaporation of free moisture in the 
coal 

0.5 

0.6 

0 6 

0.7 

Loss due to the evaporation of water formed b}" the 
combustion of hydrogen 

4 2 

4.3 

4.3 

4 4 

Loss due to heat carried away by the dry flue gas . 

10 0 

13.0 

17 5 

20.0 

Loss due to carbon monoxide 

0 2 

0.3 

0 5 

1.0 

Loss due to combustible in the ash and refuse . 

1 5 

2 4 

4 0 

5 5 

Loss due to heating moisture in the air 

0 2 

0.2 

0 3 

0 4 

Loss due to unconsumed hydrogen, hydrocarbons, 
radiation and unaccounted for 

3 4 

4 2 

7 3 

8 0 

Calorfic value of the coal 

100 0 

100 0 

100.0 

100.0 


35. Standby Losses. — The heat balance as ordinarily calculated refers 
only to the heat distribution for continuous operation over a limited 
period of time. It does not represent average operating conditions 
since the various standby losses are not considered. These include: 
(1) heat lost in shutting down boilers; (2) coal required to start up cold 
boilers; (3) coal burned in banking fires, and (4) heat discharged to 
waste in “blowing off” and in cleaning boilers. The magnitude of the 
standby losses depends upon the size and character of the boiler equip- 
ment and the conditions of operation and may range from 5 to 15 per 
cent or more of total heat generated (yearly basis). Thus, a continuous 
24-hour full load test may show that 80 per cent of the heat of the coal 
is absorbed by the boiler, but when the heat represented by a month’s 
evaporation is divided by the heat of the fuel fed to the furnace during 
the same period, the efficiency may drop to 70 per cent or lower. The 
standby losses are dependent upon so may variable factors that even 
average figures may be misleading unless limited to a narrow field of 
operation. The data in Table 19 compiled from carefully conducted 
tests at the central heating and power plant of the Armour Institute of 
Technology, serve to illustrate the extent and influence of the standby 
losses on the overall efficiency in a specific case. 

Table 20 gives the weight of coal burned in shutting down boilers, 
starting up cold boilers and in banking fires for a number of Chicago 
plants, 
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TABLE 19. 


INFLUENCE OF STANDBY LOSSES ON OVERALL BOILER AND FURNACE 

EFFICIENCy. 


Period Covered by Test. 

1 

January.'*’ 

October. 

July.t 

Number of hours in month. . . . 

744 

744 

744 

Hours in service 

708 

624 

153 

Hours banked, or out of service . . 

Per cent of rating developed, average for 

36 

120 

591 

month 

Total water: 

133 0 

60 2 

13 2 

Fed to boiler, pounds 

11,375,390 

5,235,420 
' 39,870 

791,610 

‘‘Blowing off,’’ pounds 

74,800 

16,150 

Net evaporation 

Total coal: 

11,366,340 

5,230,210 

789,990 

Fed to furnace, pounds 

1,360,370 

728,360 

158,960 

Burned in banking, etc., pounds 

3,680 

13,850 

37,610 

Used for evaporation, pounds 

Apparent evaporation per pound of coal 

1,356,690 

714,510 

121,350 

fed to furnace, pounds 

Actual evaporation per pound of coal 

8 35 

7.19 

4 98 

used for evaporation, pounds . 

Gross overall efficiency of boiler and 

8 38 

7 32 

6.51 

furnace, per cent 

Overall efficiency, deducting standby 

71.9 

61 8 

44.0 

losses, per cent 

72.0 

63 2 

57.6 


* January and October tests- 350 horsepower Stirling boiler equipped with chain grate, food water 
205 deg. fahr., pressure 100 pounds gauge, Illinois No. 3 washed nut. 
t July test: 250 horsepower ditto. 


TABLE 20. 

COAL BURNED DURING BANIvING PERIODS.' 


Rated 
Capacity 
of Boiler. 

Kind of Stoker. 

Ratio 
Heat- 
ing to 
Grate 
Surface 

IGnd of Coal. 

Hours 

Banked. 

Coal Fed to 
Furnace, Lb. 
per Boiler 
llp.-hr. 

1 

c 

A 

B 

250 

Stationary grate 

35 

Buckwheat 

8 

0.20 

0.35 


500 

Chain grate 

65 

Bit. scrg. 

13 

0.40 

0.52 

1000 

350 

Chain grate 

40 

Bit. No. 3 

9 

0.32 

0.62 

1600 

250 

Chain grate 

48 

Bit. scrg. 

7 

0.35 

0.71 

1450 

1200 

Underfeed 

82 

Bit. scrg. 

10 

0.18 

0.20 

2600 

550 

Underfeed 

66 

Bit. scrg. 

9 

0 29 

0.37 

1165 

150 

Stationary grate 

40 

Bit. mine run 

12 

0.58 

0.69 

560 

75 

Stationary grate 

48 

Poc. lump 

12 

0.81 

0.95 

300 

400 

Murphy 

52 

Bit. scrg. 

13 

0.26 

0.33 

1350 


{A ) Coal fired during banking period. 

(B) Coal fed to furnace during banking period including that required to put bailer into Hcrvico at end 
of banking period, 

(C) Coal fed to furnace to put cold boiler into service, lb. 

* These values are for specific cases only. The range in practice is so wide that average values are 
misleading. 
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The loss due to '‘blowing off'' depends largely upon the quality of 
the feed water. Water containing considerable scale forming element 
requires frequent blowing off, the amount discharged vaiying from one 
half to twm gauges of water. For example, the 350 horsepower Stirling 
boiler in the power plant of the Ai’mour Institute of Technology (Table 
19, Col. 1) is blown off once in 24 hours when in continuous operation, 
the amount averaging 3 inches as indicated by the wmter gauge. For 
one month this totals 74,800 pounds. The heat lost is 74,800 (338 — 
205) = 9,200,000 B.t.u., approximately, or sufficient to evaporate 
9050 pounds of w^ater from a feed temperature of 205 deg. fahr. to steam 
at 100 pounds gauge. This amount should be deducted from the 
water fed to the boiler in calculating the net evaporation (the quality 
of the steam, of course, being taken into consideration). Compared 
with the monthly evaporation this loss is negligible, though it repre- 
sents an appreciable loss per se. 

The steam required in blowing soot from the tubes of a return tubular 
boiler ranges from 250 to 400 pounds of steam per cleaning with "hand 
blowing" and from 200 to 350 pounds with mechanically operated 
"soot blowers." For water tube boilers the range is considerably 
greater, depending upon the size of the units and the time interval 
between cleanings. A rough approximation is 500 to 750 pounds for 
hand blowing and 400 to 600 pounds for mechanical blowers incorpo- 
rated within the setting. 

Tests of Hand and Mechanical Soot Blowers^ Power, July 13, 1915, p. 48. 

36- Inherent Losses. — The heat balance as ordinarily calculated gives 
the distribution of the actual losses. Some of these losses may be con- 
siderably reduced or even entirely eliminated, while others are m- 
herent and cannot be prevented. A heat balance giving the extent of 
the inherent losses will show at a glance where improvement may be 
made and where further gain is impossible. A boiler and furnace may 
be perfect in operation and still fail to utilize the total heat value of 
the fuel. For example, in the modern boiler (without an economizer 
or its equivalent) the flue gas cannot be lowered below the temperature 
of the heating surface with which it was last in contact. Since this 
temperature corresponds to that of the steam in the boiler, we have as 
the inherent losses: 

1. Heat absorbed by the theoretical weight of dry chimney gases 
in being heated from boiler room to boiler steam temperature. , 

2. Heat required to evaporate and superheat the moisture in the fuel 
from boiler room to boiler steam temperature. 

3. Heat required to evaporate and superheat the H 2 O formed by 
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the combustion of hydrogen in the fuel from boiler room to boiler stean 
temperature, 

4. Heat required to superheat the moisture in the air (theoretica 
requirements) from boiler room to boiler steam temperature. 

Example 12. Determine the inherent losses from the data given ii 
Example 11. 


DISTRIBUTION OF INHERENT HEAT LOSSES PER POUND OF COAL AS FIRED. 



B t u. 

Per Cent. 

1. Inherent loss in the dry chimney gas, 

9.26* X (340 - 70) 0.24 

600 0: 

5.06 

2. Inherent loss due to moisture in coal, 

0.08 (1090.6 - 70 + 0.46 X 340) 

04 1 

0.79 

3. Inherent loss due to H2O formed by the combustion of 

hydrogen, 9 X 0.05 (1090 6 — 70 -4- 0 46 X 340) 

4. Inherent loss due to “ humidity^' of the air, 

0.8X0.00115 X 13 3X8.92 *X 0.46 (340 -70) . . . 

i 

1 529 6 

4.47 

13 5 

0.11 

5. Heat absorbed by ideal boiler (by difference) 

10,612 8 

89.57 


11,850 0 

100.00 


* See example 7, paragraph 22. 


A comparison of the actual and inherent losses in percentages of coal 
as fired is as follows: 



Actual. 

Inhoront. 

1. Dry chimney gases 

2. Incomplete combustion 

9.40 

2.36 

4 00 
0.20 
0.83 
4.70 
2.51 
76.00 

5.06 

0 00 
0.00 
0.11 
0.79 
4.47 , 
0.00 
89.57 

3. Combustible in the refuse 

4. Moisture in the air 

5. Moisture in the coal 

6. Moisture due to combustion of hydrogen 

7. Radiation and unaccounted for 

8. Heat absorbed by the boiler 


100.00 

100 .b(f 


The difference between the actual and inherent loss is dcsigJiatcHl 
as 'preventable. Although the losses due to “incomplete combustion,” 
“combustible in the refuse,” and “radiation and unaccounted for” 
are theoretically preventable it is almost impossible to entirely eliminate 
them in practice. The minimum practical loss depends upon the nature 
of the equipment, grade of fuel and rate of driving, and must ho deter- 
mined for each installation by actual test. This is also true for the 
“preventable” loss in the dry chimney gases and that duo to the mois- 
ture in the air, moisture in the coal and moisture resulting from the 
combustion of hydrogen. 
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Since the ideal or perfect boiler under the specified conditions is able 
to absorb only 89.o7 per cent of the calorific value of the coal it is evident 
that the actual boiler has a true efficiency of 76 4- 0.8957 = 84.8 per 
cent. 

If an economizer is used the inherent losses become less since the flue 
gas may be reduced to a temperature considerably lower than that of 
the steam but they can never be entirely eliminated unless the flue gas 
is discharged at the same temperature as that of the air entering the fur- 
nace. 

37. Selection and Purchase of Coal. — Perhaps no single item in the 
operation of an existing plant or in the design of a new plant affords 
such an opportunity for effecting economy as the selection of fuel. Care- 
ful investigations have shown that almost any fuel can be efficiently 
burned in suitably designed special fmmaces so that the problem of 
selecting a fuel for a proposed installation requires experience with the 
different kinds of equipment in addition to a thorough knowledge 
of the characteristics of various fuels. For existing plants the prob- 
lem is largely a matter of testing. In many cases it has been found 
advisable to redesign furnaces to utilize a low-grade fuel rather than 
purchase an expensive coal. The following information is useful in 
deciding on the coal best adapted for a plant: * 

a. Type and size of boilers and furnaces. 

h. Load conditionsj average and maximmn loads. 

c. Draft available and method of control. 

d. Character of coals offered or available. 

1. Moisture and its effect on weight of combustible. 

2. Volatile matter and its relation to type of furnace. 

3. Ash ; its amount and its fusibility and tendency to clinker. 

4. Sulphur; the amounts and how combined. 

5. Heating value, calorimeter determination. 

6. Coking qualities of the coal. 

7. Storage and tendency to spontaneous combustion. 

e. Relation of the size of coal to the equipment. 

After the desired grade of fuel has been decided upon the next step 
is to enter into an agreement with the dealer whereby the delivery of 
that particular fuel may be depended upon. The important items to be 
considered in the specifications are: 

a. A statement of the amount and character of the coal desired. 

5. Conditions for delivery. 

* The Purchase of Coal, Dwight, T. Randall. Jour. A.S.M.E , Sept. 1911, p. 987. 
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c. Disposition to be made of the coal in case it is outside the limits 
specified. 

d. Correction in price for variation in heating value and in moisture 
and ash content. 

e. Method of sampling.* 

/. By whom analyses are to be made. 

In specifying the character of the coal desired for the average small 
plant every essential requirement of the purchaser may be fulfilled by 
confining them to the four following characteristics: 

Moisture. 

Ash. 

Size of coal. 

Calorific value of the coal. 

Although moisture is a great and uncertain variable, and the producer 
can exercise no control over this factor, still the purchaser should pro- 
tect himself against excessive 
moisture by stipulating an 
amount consistent with the 
average inherent moisture in 
the coal, and proper penalty 
should be fixed for delivery in 
excess of the amount allowed, 
a corresponding bonus be- 
ing paid for delivery of less 
than contract amount. Con- 
siderable attention should be 
given to the percentage of 
earthy matter contained. The 
amount of earthy matter 
usually fixes the heating valuer 
of the coal, since the heating 
value of the coml)usiible is 
practically constant. Tlie ef- 
fect of ash on the heat valiu^. 
of Illinois screenings as fircnl 
under a B. & W. boiler with 
chain grate is shown in Fig. 12. This value varies with the different 
types of boilers, grates, and furnaces, but is substantially as illustrated. 
The amount of refuse in the ash pit is always in excess of the earthy 

* Sec Coal Sampling Methods, Report of Committee on Prime Movers, Trans. 
National Electric Light Association, N. Y. City, 1916. 
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matter as reported by analysis, except where the amount carried be- 
yond the bridge wall is veiy large. 

The maximum allowable amount of sulphur is sometimes specified, 
since some grades of coal high in sulphur cause considerable clinkering. 
But sulphur is not always an indication of a clinker-producing ash, 
and a more rational procedure would be to classify a coal as clinker- 
ing or non-clinkering according to its behavior in the particular furnace 
in question, irrespective of the amoimt of sulphur present. An analysis 
of the various constituents of the ash is necessary to determine whether 
or not the sulphur unites with them to produce a fusible slag, and as 
such analyses are usually out of the question on account of the expense 
attached they may w^ell be omitted. Ash fuses between 2300 and 
2600 deg. fahr. and if the formation of objectionable clinker is to be 
avoided the furnace must be operated at temperatures below the fusing 
temperature. Several large concerns insert an “ash fusibility^’ clause 
in their coal specifications. For a description of ash fusion methods as 
practiced by various concerns consult Transactions of the National 
Electric Light Association, Report of the Committee on Prime Movers, 
1916. 

The heating value of the coal as determined by a sample burned in an 
atmosphere of oxygen does not give its commercial evaporative power, 
since this depends largely upon the composition of the fuel, character 
of grate, and conditions of operation. It serves, however, as a basis 
upon which to determine the efficiency of the furnace. In large plants 
where a number of grades of fuel are available it is customary to con- 
duct a series of tests with the different grades and sizes, and the one 
which evaporates the most water for a given sum of money, other con- 
ditions permitting, is the one usually contracted for. In designing a 
new plant particular attention should be paid to the performance of 
similar plants already in operation, and that fuel and stoker should be 
selected which are found to give the best returns for the money. Where 
smoke prevention is a necessity the smoke factor greatly influences the 
choice of fuel and stoker. 

The Purchase of Coal: Eng. Mag., Mar., 1911; Jour. A.S.M.E., Mar., 1911; 
Power, Apr. 6, 1909, p. 642. 

The Purchase of Coal hy the Government under Specifications: Bureau of Mines, 
Bull. No. 11, 1910; U. S. GeoL Survey, Bulletins No. 339, 1908; No. 378, 1909. 

The Fusing Temperature of Coal Ash: Power, Nov. 28, 1911, p. 802. 

The Clinkering of Coal: Trans. A.S.M.E., Vol. 36, 1914, p. 801. 

Jour. A.S.M.E., April 1915, p. 205. Power, Oct. 24, 1916, p. 591. 

, 38. Size of Coal — Bituminous. — Coal is usually marketed in dif- 
ferent sizes, ranging from lump coal to screenings. The latter furnish 
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by far the greater part of the stoker fuel used. The sizes and grades of 
bituminous and semi-bituminous coals vary so much, according to 
kind and locality, that there are no standards of size for these coals 
which are generally recognized. According to the A.S.M.E. Boiler 
Code (1915): 

Bituminous coals in the Eastern States may be graded and sized as 
follows : 

а. Run of mine coal; the unscreened coal taken from the mine 
after the impurities which can be practicably separated have been 
removed. 

б. Lump coal; that which passes over a bar-screen with openings IJ 

inch wide. , . , 

c. Nut coal; that which passes through a bar-screen with It inch 
openings and over one with f inch openings. 

d. Slack coal; that which passes through a bar-screen with f inch 
openings. 

Bituminous coals in the Western States may be graded and sized as 
follows: 

e. Run of mine coal; the unscreened coal taken from the mine. 

/. Lump coal; divided into 6-inch, 3-inch, and If inch lump, accord- 
ing to the diamter of the circular openings over which the respective 
grades pass; also 6 by 3 lump and 3 by It lump, according as the coal 
passes through a circular opening having the diameter of the larger 
figure and over one of the smaller diameter. 

g. Nut coal; divided in 3-inch steam nut, which passes through an 
opening 3-inch diameter and over It inch; It inch nut, which passes 
through a It inch diameter opening and over a f inch diameter opening; 
and I inch nut, which passes through a | inch diameter opening and over 
a I inch diameter opening. 

h. Screenings; that which passes through a It inch diameter opening. 

For mfl-dmiim efiioiency coal should be uniform in size. With 
hand-fired furnaces there is usually no limit to its fineness and larger 
sizes can be used than with stokers. As a rule the percentage of ash 
increases as the size of coal decreases. This is due to the fact that all 
of the fine foreign matter separated from larger coal, or which comes 
from the roof or the floor of the mine, naturally finds its way into 
the smaller coal. The size best adapted for a given case is dependent 
upon the intensity of draft, kind of stoker or grate, and the method 
of firing, and its proper selection often affords an opportunity to effect 
considerable economy. The influence of the size of screenings on the 
capacity and efficiency of a boiler in a specific case is illustrated in Pig. 
13. The curves are plotted from a series of tests conducted with 
Illinois screenings on a 50t)-horsepower B. & W. boiler, equipped with 
chain grates, at the power house of the Commonwealth Edison Company. 
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Fig. 13. Influence of Size of Coal on Boiler Capacity and Efficiency. 


Influence of Thickness of Fire. — See paragraph 82. 

Size of Coal: Some Characteristics of Coal as affecting Performance with Steam 
Boilers: Jour. West. Soc. Engrs., Oct., 1906, p. 528. 

39. Washed Coal. — Coal is washed for the purpose of separating from 
it such impurities as slate, sulphur, bone coal, and ash. All of these 
impurities show themselves in the ash when the coal is burned. Screen- 
ings contain anywhere from 5 per cent to 25 per cent of ash and from 
1 per cent to 4 per cent of sulphur. Washing eliminates about 50 per 
cent of the ash and some of the sulphur. Table 21 gives some idea of 
the effects of washing upon a number of grades of coal. The evapora- 
tive power of the combustible is practically unaffected by washing and 
the greater part of the water taken up by the coal is removed by thor- 
ough drainage. Many coals otherwise worthless as steam coals are 
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TABLE 21. 


EFFECT OF WASHING ON BITUMINOUS COALS. 
{Journal W S.E., December, 1901 ) 



1 Before Washing. 

(Per Cent ) 

After Washing. 

(Per Cent ) 


( 

Ash. 

Sul- 

phur 

Fixed 

Carbon. 

Ash. 

Sul- 

phur. 

Fixed 

Carbon. 

Beit Mountain, Mont. 

IS 74 

3 34 

43 72 

5.56 

2.40 

48.39 

Wellington Colliery Co., Van- i 







couver Island (new coal) 

35 00 


38 00 

8 90 


56 90 

Alexaiidria Coal Co., Crabtree, 







Pa. ... 

10 60 

1 30 


6.21 

0 61 


De Soto, 111 

18 00 


44.00 

4.20 


57.66 

Northwestern Improvement 







Co., Roslyn, Wash.. . . , 

: 16.30 

0.57 

45 90 

9.70 

0.40 

47 86 

LuhrigCoal Co., Zaleski, Ohio 

15 80 

1.90 


8 00 

0 87 

50 90 

Rocky Ford Coal Co., Red 







Lodge, Mont 

25 30 


37.80 

8 50 


47.20 

Buckeye Coal and Ry. Co., 







Nelsonville, Ohio. . 

13.77 

1 05 

49 04 

4 30 

0 89 

54.82 

New Ohio Washed Coal Co., 







Carterville, 111 

9.48 

0.78 

55.00 

4.85 

0.69 

63 00 


rendered marketable by washing. Washed coals arc usually graded 
as follows: 


Size. 

Screens. 

No. 1 

Over 1| 

Through 3 

2 

H 

n 

3 

3 

4 . 

n 

4 

1 

4 

3 

4 

5 


1 

* 4 


Numbers 3 and 4 are excellent sizes for use in connection wi1,h stokers 
and No. 5 is well adapted to hand furnaces where smoke prevention 
is essential. 

Coal Washing in Illinois Univ 111. Bull. No. !), Oc.t. 27, 1013. 

40. Powdered Coal. — The use of powdered coal in the manufacture 
of cement and in other industrial processes is an established success. 
The steadily increasing cost of oil is stimulating the adoption of powdered 
coal in many situations where fuel oil is now burned. As a fuel for steam 
boiler furnaces, however, powdered coal is still in an experimental stage, 
and although published accounts of the various trials are full of promise 
and apparent accomplishment, but few processes have survived. In 
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view of the high efficiencies effected with bulk coal in connection with 
mechanical stokers it is not likely that powdered coal will be used 
extensively in ver^" large plants since the advantages incident to the 
combustion of the powdered product are more than offset by the cost 
of pulveiizingj drying and handling. Some of the advantages obtained 
in burning pow^dered coal are: 

a. Complete combustion and total absence of smoke. The coal in 
the form of dry impalpable dust is induced or forced into the zone 
of combustion where each minute particle is brought into contact with 
the necessary amount of air and complete oxidation is effected with 
minimum air excess. 

b. A cheaper grade of coal may be burned; in fact, some grades of 
coal which are burned with only moderate success in bulk may be 
efficiently consumed in the powdered form. 

c. The fuel supply may be readily controlled to meet the fluctuations 
in load and furnace standby losses may be greatly reduced. 

d. The labor of firing is reduced to a minimum. 

The practical objections w^hich may offset these advantages are: 

1. Cost of preparation. 

2. Explosibility of coal dust. 

3 . Storage limitations. 

4. Furnace depreciation. 

5. Disposal of ash and slag. 

6. Refuse discharged through chimney. 

The various advantages and disadvantages are treated at length 
in the following paragraphs. 

41. Types of Powdered Coal Feeders and Burners. — Powdered coal 
burners may be grouped into two general classes: 

1. The dust-feed burner, in which the coal is supplied in the powdered 
form, and 

2. The self-contained burner, in which the coal is crushed, pulverized, 
and fed to the furnace simultaneously. 

The dust may be fed into the furnace by 

1. Natural draft, 

2. Mechanical means, or by 

3. Forced draft. 

The following outline gives a classification of a few of the best-known 
coal-dust burners: 
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Natural Draft 


Forced Draft . 


Natural Draft Pinther 
Feed Wegener 

Brush Feed Schwartzkopff 

Blower Feed { Electric 

Compressed Air Atlas 

Paddle Wheel { , 


Dust Feed 


Self-contained 


Since the natural draft type of feeders are not in evidence in boiler 
practice and are little used in industrial furnaces they will not be con- 
sidered here. For an extended study the reader is referred to the ac- 
companying bibliography. 

All of the successful feeders in current practice are of the forced draft 
type. The Rowe coal-dust feeder, Fig. 14, manufactured by the C. 0. 
Bartlett and Snow Company, Cleveland, Ohio, is one of the oldest 
examples of this type and although its application is to be found chiefly 

in cement kilns it 
has been used with 
some success in 
boiler furnaces. Re- 
ferring to the illus- 
tration, powdered 
coal is fed from 
storage bin to 
hopper A and feed 
wormR, The latter 

Fig. U. Rowe Coal-dust Feeder. ^0""^ 

F directly to the 

delivery tube D where it is caught by the air draft and fed into 
the furnace. The amount of feed depends upon the speed of the feed 
worm which is driven by the friction disk I pressing against the flange 
plate H, This disk is moved in or out by a suitable handle so as to get 
any desired speed. The air is furnished by the fan C the amount !)eing 
controlled by the valve E. 

Figure 15 illustrates a forced draft feeder and burner designed by 
A. S. Mann as applied to a water tube boiler at the Schenectady plant 
of the General Electric Company. This installation has been in con- 
tinuous operation for some time and appears to be a successful com- 
mercial application of coal dust burning. Powdered fuel is fed from 
hopper iy by a variable-speed motor-driven endless-screw S to down 
spout D where it is picked up by a primary current of air and induced 
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Damper 
</ S hat-off 


into the suction opening of vacuum tee V, A secondaiy air blast at A 

forces the fuel into burner B whence it is discharged into the furnace. 

The air and fuel are thoroughly mixed in the burner and by controlling 

the fuel supply and the various air inlets aiw rate of feed may be effected 

without stratification. Auxiliary 

air jets discharging into the fur- ^ 

nace break up the stream issuing \ powdered 

from the burner and prevent the \coai Hopper 

fuel particles from leaving the \ h pamper 

combustion chambers before oxida- _H 

tion is complete. (See paragraph ^ . ij^^s crew^Feeder ^ 

42 for further details of this in- 

stallation.) “ T 

Fig. 17 gives a sectional \fiew of 1 a 

the Blake apparatus, and is a typi- Air — 

cal example of a self-contained 

system. It comprises a multistage 

centrifugal pulverizer, coal hopper, 

^ A Fig. 15. Mann Powdered Coal Feeder 

conveyor and tan mounted on a . -o 

1111, Burner. 

Single bedplate. Referring to the 

illustration, coal previously crushed to nut size is fed to the hopper from 
the bottom of which it is conveyed by an endless screw to the first 
stage of the pulverizer. The lumps are thrown out radially by cen- 
trifugal force, due to the rapidly revolving bats, and are reduced to a 
dust by percussion and attrition. The largest chamber contains a fan, 
the function of which is to draw the pulverized material successively 

from one cham- 

^ - 2 -— — 1 ber to another 

and finally de- 


liver it to the 
discharge spouts. 


Fig. 15. Mann Powdered Coal Feeder 
and Burner. 


Fuel Bin 

)0 OOP O 0| 0 OO OOP 
Fuel Trough 


Fuel and Air 
Mixing Paddles 


Interchangeable 
\ Screw 


Tu The air is drawn 

-IH-dOnflet fuel 


Fig. 16. United Combustion Company’s “Pulverized 
Fuel Feeder.” 


I in ^ rtp chamber with 

Speed Motor the coal through 

•n TT 1 .^ , . ^ 1 . , passage A, and 

Fig. 16. United Combustion Company’s “Pulverized . . , , 

Fuel Feeder.” through 

opening jB around 

the shaft. After entering the fan chamber, the mixture of coal dust 
and air receives an additional supply of air through opening C. The 
apparatus may be belt-driven or direct-connected and runs at about 
1200 to 1600 r.p.m., requiring 8 to 12 horsepower for its operation. 
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Experience has demonstrated that as much as 14 per cent of moisture 
in the coal has little effect on the pulverization and burning. Several 
boiler plants equipped with this device gave smokeless combustion 
and high ejEficiency but faulty furnace design caused the system to be 
abandoned. 



SECTION X.Y 



Y 

Pig. 17. Blake Coal-dust Feeder. 


42. BoEer Fiimaces for Burning Powdered €oaS. — The main dilBh- 
culty in the commercial application of powdered (;oal to boiler furnaces 
appears to lie in the correct design of furnace and in the distribution 
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of the air supply. Several types of feeders and burners are giving the 
best of satisfaction in cement kilns and in other industrial furnaces^ 
but when applied to steam boilers fail to meet requirements. The 
accumulation of slag and rapid deterioration of the furnace lining is the 
chief cause of failure. In burning bulk coal the mass of incandescent 
fuel stores up a quantity of heat to effect distillation and ignition of 
the volatile matter in the green fuel. Since powdered coal is burned 
in suspension a reverberatory furnace or its equivalent is necessary to 
bring about the same result. A large combustion chamber is necessary 
and the shape of the furnace and path of the flame should be such as 
to insure complete combustion and provide a uniform distribution of 



Fig. 18. General Arrangement of Powdered Coal Burning Equipment at the 
Schenectady Works of the General Electric Company. 


heat over the boiler heating surface without direct impingement of 
flame. Temperature, velocity, volume and direction of current must 
all be considered since there is perhaps no fuel more sensitive to incorrect 
use than coal dust. Several types of furnaces for burning coal dust 
under steam boilers are described and illustrated in a “S 3 niiposium on 
Powdered Coal,” Jour. A.S.M.E., Oct. 1914, but few have survived 
the experimental stage and none appears to have solved the problem, 
although favorable mention is made of the Bettington boiler as com- 
mercially exploited in England. An apparently successful installation 
is that of a 474 horsepower water tube boiler at the Schenectady Works 
of the General Electric Company. Fig. 18 gives a diagrammatic, 
longitudinal section through the boiler and furnace of this installation 
and Fig. 18a illustrates the system of locating burners and air passages. 
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Six feeders and burners, of the type illustrated in Figs. 15 and 16, are 
attached to the one boiler in order to effect flexibility in operation. 
Several auxiliary air ports distributed throughout the setting are 
directed at various angles against the burning currents thereby insur- 
ing perfect stirring action. 
Combustion is virtually 
complete in eight feet of 
travel even at 200 per 
cent rating. Continuous 
loads of 220 per cent rat- 
ing have been readily main- 
tained and a maximum 
load of 265 per cent rat- 
ing has been carried for a 
short period. No difficulty 
whatever is experienced 
with slag, ash and burnt 
brickwork for loads under 140 per cent rating, but with heavy loads 
particles of slag travel with the gas current and cling to the bottom 
row of tubes. The accumulation of this slag is prevented by '' blow- 
ing off with a steam jet. A small amount (2 per cent) of fiocculent 



Fig. 18a. Diagram of Boiler Front Showing Loca* 
tion of Mann Burner and Air Passages. 



Fig. 19. Powdered Coal Furnace as Installed Under a Franklin Boiler at the 
American Locomotive Company's Schenectady Plant. 


ash in the form of a very fine powder is discharged with the chimney 
gases. There is no visible smoke, all soot drops in the gas cham- 
bers before reaching the stack and the slag is drawn out once during 
fhe day to a concrete pit containing water. (For detailed description 
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of this installation see “General Electric Re\ie\v/’ September and 
October, 1915.) 

Fig. 20 gives the general details of a powdered coal furnace as in- 
stalled under a Franklin boiler at the Schenectady plant of the American 
Locomotive Works. This furnace is reported to have been in continued 
service for 18 months without repairs on the furnace walls. Protection 
against depreciation is effected by a coating of slag as shown in the illus- 
tration. No trouble is experienced from coke or cinder-clogged water 
tubes. (See Journal A.S.M.E., Dec. 1916, p. 1000.) 

A number of locomotives have been recently equipped with pow- 
dered coal burners and are apparently successful in operation. (See 
^Tulverized Fuel for Locomotives/’ Proceedings N. Y. Railroad Club, 
Feb. 18, 1916.) 

The use of pulverized coal appears to be a commercial success at the 
power plant of the M. K. & T. Shops, Parsons, Kan. For a descrip- 
tion of this installation together with results of the boiler tests, see 
National Engineer, May, 1917, p. 175. 

43. Cost of Preparing Powdered Coal. — The cost of drying and grind- 
ing varies with the size and type of equipment, initial moisture con- 
tent of the coal, degree of fineness required and the quantity treated per 
unit of time. Experience shows that the moisture content should be 
reduced to approximately one per cent or less for efficient grinding where 
screens are used and that 95 per cent of the powder should pass through 
a 100-mesh and 80 to 85 per cent through a 200-mesh screen. Dry coal 
is desired because it can be more intimately mixed with air and fed 
regularly to the furnace. Moist coal will clog the feeding mechanism 
and the screen and tends to pack in the storage bins. Machines that 
depend upon air separation for regulating the fineness of the coal have 
no screens to clog and the moisture content need not be less than 5 
per cent, but the power requirements for the grinding increase with 
the moisture content. The average cost of drying and grinding, in- 
cluding maintenance and fixed charges, ranges from 25 to 75 cents per 
ton. In stokers of the ^^Blake Pulverizer” type, in which the grind- 
ing, drying and feeding are carried on simultaneously in a self-con- 
tained apparatus, the power consumed varies from 2 to 10 per cent of 
the total power developed by the boiler, depending upon the nature 
of the fuel, efficiency of the driving mechanism and the degree of fine- 
ness of the powdered coal; 5 per cent is a fair average. Powdered coal 
sold in the open market ranges from 50 cents to 90 cents a ton above 
the price of the same coal in bulk. 

44. Storing Powdered Fuel. — Most cities limit the storage of pow- 
dered coal to such a small quantity as to interfere seriously with con- 
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tinuity of operation in case of breakdown to the pulverizing or drying 
apparatus. Spontaneous combustion is likely to occur with moist 
coal and since the dry powdered product is exceedingly hygroscopic it 
is necessary- to store it in air-tight bins. Powdered coal in quantity 
should always be kept moving and should never be allowed to stand 
more than a day or two. Coal dust in a suspended state is dangerous 
and may cause a serious explosion, but this danger may be minimized 
by the use of equipment which prevents the leakage of the dust. 

45* Efficiency of Powdered Coal Furnaces. — A comparison of a num- 
ber of tests of hand fired and powdered coal furnaces with different 
types of feeders shows a decided gain in efficiency of the powdered coal 
over the hand fired where the fuel is of a low grade. The gain becomes 
less marked with fuel of fair quality and disappears entirely with good 
fuel and properly manipulated automatic stokers. Numerous tests 
of powdered coal installations are recorded showing boiler and furnace 
efficiency of 77 to 81 per cent, but these figures are readily equaled 
and have been frequently exceeded with bulk coal firing so that other 
factors than fuel economy must be considered in comparing the com- 
mercial value of the two systems. 

46 . Depreciation of Powdered Coal Furnaces. — For complete and effi- 
cient combustion of powdered coal high furnace temperatures arc es- 
sential. On account of the high temperatures involved and the slag 
produced from the ash the destruction of the furnace lining is very 
rapid. To withstand the intense heat of combustion brick-work of the 
highest quality is essential since common fire brick arc soon reduced to 
a liquid slag. A good quality of fire brick will withstand the heat for 
several months without renewal provided the furnace is properly en- 
closed, otherwise the strain of expansion and contraction due to alter- 
nate heating and cooling will crack the brick. Excellent results have 
been obtained from the use of bricks composed chiefly of the refuse of 
a carborundum slag, but the high cost has prevented their general use. 
Fire brick target walls are not recommended for steam boiler practice 
because of the localization of heat. 

Pulverized Coal for Steam Making: Trans. A.S.M.E., Vol. 36, p. 123-109, 1914. 

Pulverized Coal: General Bibliography; Jour. A.S.M.E., Jan., 1014, p. Iv. 

Some Problems in Burning Powdered Coal: Gen. Elec. Review, Sept, and Oct., 1916, 

Firing Boilers with Pulverized Coal: Power, Feb. 14, 1911. 

Use of Pulverized Coal under Steam Bailers: Prac. Engr. U. S., June 1, 1916, p. 490, 

Tests of Pulverized Fuel: Engr. XJ. S., Apr. 1, 1904; Power, May, 1904, Feb. 14, 
1911. 

Ty^es of Coal Bust Burners: Engr. U, S,, Apr. 1, 1904; Jan. 1, 1903; Power, 
Mar., 1904. 

Burning Low Grade Coal Dust: Power, Sept. 12, 1911, p. 393. 
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47. Fuel Oil. — The recent development of oil wells in the Western and 
Gulf States, with the consequent enormous increase in production^ has 
given a marked impulse to the use of crude oil for fuel purposes in steam 
power plants. Where economic and commercial conditions permit, it is 
the most desirable substitute for coal. The total absence of smoke and 
ashes, prompt kindling and extinguishing of fires, extreme rate of combus- 
tion, and ease with which it can be handled and controlled are marked ad- 
vantages in favor of fuel oil. The reduction in volume and weight over 
an equivalent quantity of coal for equal heating values and the increase 
in boiler efficiency are factors of no mean importance, particularly in con- 
nection with marine or locomotive work. In stationary work the chief 
objections are the difficulty in securing ample storage capacity and the in- 
creased rate of insurance. An objection sometimes raised against fuel 
oil is the increased depreciation of the setting, but in a well-designed set- 
ting this figure is only nominal and of secondar^^ importance. However, 
in spite of the many advantages presented in the use of fuel oil for power 
plant purposes, the comparatively limited supply prevents its adoption 
as a general fuel and limits its use to the plants most favorably located. 

48. Chemical and Physical Properties of Fuel Oil. — • Crude oil, as 
pumped at the wells, consists principally of various combinations of 
hydrogen and carbon, together with small amounts of nitrogen, oxygen 
sulphur, water in emulsion and silt. The nitrogen and oxygen may be 
classified with the moisture and silt as inert impurities. The moisture 
in oil fuel should not exceed 2 per cent, since it not only acts as an inert 
impurity, but must be converted into steam in the furnace and thus 
still further reduces the heat value per pound. The sulphur, though 
combustible, has a low calorific value and is otherwise undesirable. 
From Table 22 it will be seen that the physical properties of oils from 
different localities in the United States differ widely, while the chemical 
constituents vary but slightly. For example, the oils given in the 
table differ greatly in volatility, specific gravity, and viscosity, but 
have approximately the same percentages of carbon and hydrogen. 
Taking hydrogen and carbon as the principal constituents it is found 
that oils rich in hydrogen are lighter in weight than those rich in carbon. 
Other things being equal, oils rich in hydrogen have a higher calorific 
value than those rich in carbon, but the heavier oils are usually the 
cheaper. The relation between heating value and specific gravity for 
anhydrous California oil is as shown in Table 23. 

The heat value may be closely approximated by means of the follow- 
ing formula (Jour. Am. Chem. Soc., Oct., 1908): 

B.t.u. = 18,650 + 40 (B - 10), 

B = degrees Baum6 at 60 deg. fahr. 


in which 


( 29 ) 
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TABLE 23. 

APPROXIiLATE EELATIOX BETWEEN THE HEATING VALUE AND SPECIFIC GBAVITY. 

(Professor Le Conte, Universitj’- of California.) 


Degree"?, 

Baum6. 

Specific 

Gravity. 

Weight per 
Barrel. 

B.t.u. per 
Pound- 

B.t.u. per 
Barrel. 

' Degrees, 

Baum6. 

10 

1.0000 

350 035 

18,280 

6,398,600 

10 

11 

0.9929 

347 . 55 

18,340 

6,374,100 

11 

12 

0.9859 

345.10 

18,400 

6,349,800 

12 

13 

0.9790 

342 68 

18,460 

6,325,900 

13 

14 

0 9722 

340.30 

18,520 

6,302,400 

14 

15 

0 9655 

337 96 

18,580 

6,279,300 

15 

16 

0.9589 

335 65 

18,640 

6,256,500 

16 

17 

0.9524 

333 37 

18,700 

6,234,000 

17 

18 

0.9459 

331 10 

18,760 

6,211,400 

18 

19 

0.9396 

328 89 

18,820 

6,189,700 

19 

20 

0 9333 

326 69 

18,880 

6,167,900 

20 

21 

0 9272 

324 55 

18,940 

6,147,000 

21 

22 

0 9211 

322 42 

19,000 

6,126,000 

22 

23 

0.9150 

320.28 

19,060 

6,104,500 

23 

24 

0.9091 

318.22 

19,120 

6,084,400 

24 

25 

0.9032 

316 15 

19,180 

6,063,800 

25 


Oil that is to be transported or stored or used for fuel inside of build- 
ings should be of the reduced” variety, from which the naphtha and 
higher illuminating products have been distilled. The gravities of 
such distillates vary from 20 to 25 degrees Baum6, or close to 0.9 spe- 
cific gravity, and their flash points range from 240 deg. fahr. to 270 
deg. fahr.* One barrel of crude oil contains 42 gallons and weighs from 
310 to 350 pounds, according to the specific gravity. Compared with 
coal, oil occupies about 50 per cent less space and is 35 per cent less in 
weight for equal heat values. The comparative heat values of coal 
and oil are approximately as follows: 


B.t.u. per Pound of 
Coal. 

Pounds of Coal Equal 
to 1 Barrel of Oil. 

. 

Barrels of Oil Equal to 

1 Short Ton of Coal. 

10,000 

620 

3.23 

11,000 

564 

3.55 

12,000 

517 

3 87 

13,000 

477 

4.19 

14,000 

443 

4.52 

15,000 

413 

4.84 


49. Efficiency of Boilers with Fuel Oil. — A coal-burning boiler 
which utilizes 80 per cent of the heat value of the fuel is exceptional — 
77 per cent represents very good practice, and 75 per cent a fair aver- 
age for good practice. The great majority of coal-burning boilers, 
however, operate at efficiencies less than 70 per cent. With oil fuel a 
* For relationship between degrees Bauin6 and specific gravity see paragraph 374. 
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boiler and furnace efficiency of 75 per cent is quite ordinary and 80 per 
cent not uncommon. This increase in efi&ciency is partly due to the 
fact that the oil is readily broken up and brought into immediate con- 
tact with the necessary air for combustion and loss due to excessive 
air dilution is correspondingly reduced. 

Table 24 gives the theoretical air reqtiirements for different densities 
of fuel oils and Table 25 the air excess for various efficiencies. These 
tables were compiled by C. R. Weymouth (Trans. A.S.M.E., Vol. 30, 

p. 801 ). 

TABLE 24. 

POUNDS OF AIR PER POUND OF OIL AND RATIO OF AIR SUPPLIED TO THAT 
CHEMICALLY REQUIRED. 


Per Cent CO 2 
by Volume as 
Shown by 
A.nalysis of Dry 
Chimney Gases. 

Light Oil, 

C. 84%; H, 13%; S, 0.8%; 
N, 0.2%; 0, 1%; HjO, 1%. 

Medium Oil, 

C, 85%; H, 12%; S, 0.8%; 
N, 0.2%; 0, 1%; HjO, 1%. 

Heavy Oil, 

C, 86%; H, 11%; S, 0.8%; 
N, 0.2%; 0, 1%; HjO, 1%. 

Lb. of 
Air per 
Lb. of Oil. 

Ratio of Air 
Supply to 
Chemical 
Requirements. 

Lb. of 
Air per 
Lb. of Oil. 

Ratio of Air 
Supply to 
Chemical 
Requirements. 

Lb. of 
Air per 
Lb. of Oil. 

Ratio of Air 
Supply to 
Chemical 
Requirements. 

4 

51.40 

3.607 

51.93 

3.704 

52.45 

3.803 

5 

41.31 

2.899 

41.71 

2 975 

42.12 

3.054 

6 

34 58 

2.427 

34.90 

2.490 

35.23 

2.554 

7 

29.77 

2.089 

30.04 

2.143 

30,31 

2.198 

8 

26.17 

1.836 

26.39 

1.883 

26.62 

1.930 

9 

23.37 

1.640 

23.56 

1.680 

23.75 

1.722 

10 

21.12 

1.482 

21.29 

1.518 

21.45 

1.555 

11 

19.83 

1.391 

19.43 

1.386 

19.58 

1.419 

12 

17.76 

1.246 

17.88 

1.276 

18.01 

1.306 

13 

16.46 

1.155 

16.57 

1.182 

16.69 

1.210 

14 

15.36 

1.078 

15,45 

1.102 

15.55 

1.127 

15 

14.39 

1.010 

14.48 

1.033 

14.57 

1*056 


TABLE 25. 

BOILER EFFICIENCY FOR EXCESS AIR SUPPLY (OIL FUEL). 


Excess Air Supply, Per Cent. 

10 

50 

75 

100 

160 

200 

Assumed temperature of escaping gases, 
deg. falir 

400 

450 

475 

490 

Over 

500 

Over 

500 

Corresponding ideal efficiency of boiler, 
per cent 

84.2 

80.27 

77.66 

75.22 

Under 

70.94 

Under 

67.09 

Possible saving in fuel due to reduction 
of air supply to 10 per cent excess, ex- 
pressed as per cent of oil actually 
burned under assumed conditions 

0 

4.67 

7.78 

10.08 

Over 

15.70 

Over 

20.32 


Table 26 gives the results of a series of tests made at the Redondo 
plant of the Pacific Light & Power Company, California, on a G04-horsc- 
power B. & W. boiler equipped with Hammcl furnaces and burners. 
The boiler was in regular service and under usual operating conditions. 



EVAPORATIVE TESTS OF OIL-BURNING BOILER. 
(Pacific Light & Power Co., Redondo, Cal.) 
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Boiler efficiency. 
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5®, Comparative Evaporative Economy of Oil and Coal. — In deter- 
mining the comparative economy of coal and oil, the fixed and operating 
charges must be considered in addition to the cost and efficiency of 
the fuel. From the market quotation on oil and coal and the com- 
parative heating values of each the actual cost per B.t.u. is readily 
obtained, and by combining this with the relative efficiencies from the 
furnace standpoint the net cost of the fuel is obtained. The fixed 
charges vary with the location and size of the plant and are approxi- 
mately the same per boiler horsepower for a given location in both 
cases. The insurance rates may be greater with the oil fuel and the 
depreciation of the boiler setting may be somewhat larger, but in a well- 
constructed furnace the latter item should be the same in both instances 
for average rates of combustion. The operating charges are decidedly 
in favor of the oil fuel, since no ash handling is necessary. Oil fuel is 
readily fed to the furnace, and the cost of attendance may be materially 
less than with coal firing, and one man may safely control from eight to 
ten boilers. 

51. Oil Burners. — The function of the burner is to atomize the oil 
to as nearly a gaseous state as possible. 

Classification of a few well-known burners 


Mechanical Spray: 
Korting. 

Vapor or Carburetor: 
Durr. 

Harvey. 


Spray Burners: 
Outside Mixers, 

a. Peabody. 

b. Warren. 
Inside Mixers, 

a. Plammel. 

b. Kirkwood. 

c. Branch. 

(L Williams. 


Oil burners for burning liquid fuel may be divided into three g(UKU‘a/l 
classes : 

1. Mechanical spray, in which the oil, previously heated a teanpeu- 
ature of about 150 deg. fahr., is forced under pressure t-hi'ough nozzkvs 

Aircr.... SO designed uk to l)r(!ak il, up 


into a fine Kpray. Tlui Kdi’i.ing 

Liquid Fuel BurtK>,r, li’ig. 20, iw 

an example of thiy type. In this 

„ „ design a central spindle, spirally 

Fig. 20. Kortmg Fuel Oil Burnor. „ i • i. i j ■ 

grooved, imparts a rotary mol, ion 

to the oil and causes it to fly into a spray by centrifugal force on 

issuing from the nozzle. The particlcfs of oil arc burned in the furnace 
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when they come in contact vdth the necessar>^ air to effect combustion. 
This type of burner is little used in this countr}’ in connection with 
power-plant work, but is meeting ^^ith much success in Europe. 

2. Vapor burners, or carburetors, in which the oil is volatilized in 
a heater or chamber and then admitted to the furnace, are seldom used 
except in connection vith refined oils, as the residuals from crude oil are 
vaporized only at a high temperature. The Durr and Harvey gasifiers 
are the best known of this type. 

3. Spray burners are by far the most common in use. In this type 
the oil is held in suspension and forced into the furnace by means of a 
jet of steam or compressed air. Spray burners are designed either as 
outside mixers, in which the oil and atomizing medium meet outside 
the apparatus, or inside mixers, in which the oil and atomizing medium 
mingle inside the apparatus. 

The Peabody burner, Fig. 21, illustrates the principles of the ^^outside- 
mixer type of apparatus. In this t^^e the oil flows through a thin 
slit and falls upon a jet of steam which atomizes it and forces it into 
the furnace in a fan-shaped spray. A feature of this apparatus is its 
simplicity of construction. 

Fig. 22 illustrates the Hammel burner as used at the power house of 
the Pacific Light and Power Company, Los Angeles, Cal. Oil enters the 
burner under pressure and flows through opening D to the mouth of the 
burner, where it is atomized by the steam jets issuing from slots G, H, 
and L The oil is preheated to facilitate its flow through the supply 
system. Plates K-K are removable and are easily replaced when worn 
out or burned. The Hammel burner belongs to the '^inside mixers. 

A few well-known types of ^Tnside mixers are illustrated in Figs. 22 
to 24. The operation is practically the same in all of them and they 
differ only in mechanical details. 

The simplest and most reliable burners are of the Hammel type and 
are much in evidence in the Pacific States. 

52 . Furnaces for Burning Fuel Oil. — The efl&cient combustion of 
oil fuel depends more upon the proportions of the furnace than upon 
the type of burner, provided, of course, the latter is of modern design. 
While it is desirable to have incandescent brickwork around the flame 
it is impossible to do so in many cases and a satisfactory compromise 
is effected by using a flat flame burning close to a white-hot floor through 
which air is steadily flowing. A good burner will maintain a suspended 
flame clear and smokeless in a cold furnace. The path of the flame 
in the furnace must be such as to insure uniform distribution of heat 
over the boiler heat-absorbing surfaces without direct flame impinge- 
ment. Under ordinary firing the flame should not extend into the 
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tubes. The first pass of the boiler should be located directly over the 
furnace in order that the heating surface may absorb the radiant energy 
from the incandescent fire brick. Fire-brick arches and target walls 
are not to be recommended on account of the localization of heat re- 
sulting in burning out the tubes or bagging the shell and on account of 
the hmited overload capacity. 



Fig. 27. Furnace for Burning Fuel Oil, Rear Feed (Ilatnmc^l). 


Fig. 27 shows the general details of a Hammel oil-burning furnace 
illustrating current practice on the Pacific coast. The burnca* tip is 
housed in a slot located in the back of an arched recess in the bridge 
wall and the flame is projected forward toward the front of the furna(‘X'. 
The furnace floor is carried on pieces of old two-inch pipe or on old 
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rails and is solid except for narrow air slots through the deck and in 
front of each arch. Each burner with its accompaii\dng recess has a 
separate air tunnel from the boiler front ; these tunnels do not commu- 
nicate with each other under the furnace floor and by closing the ash- 
pit door any tunnel can be sealed up while the others are suppljdng air 
to their particular burners. The Hammel furnace is a modification of 
the w’ell-known Peabody furnace, a section through which is shown in 



Fig. 28. Peabody Fuel-oil Furnace. 


iHI 













Fig. 29. Modern Furnace for Burning Fuel Oil, Front Feed. 





TABLE 27. 

TESTS OF FUEL-OIL BURNERS. 
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Fig. 29 gives the general details of a modern oil-burning furnace^ 
with front feedj as applied to a horizontal return tubular boiler. 

dS- Atomization of Oil. — For efl&cient combustion the oil should 
be injected into the furnace in the form of a spray. Three systems of 
atomization are in use in stationary practice, namety, mechanical, air, 
and steam. Of these, by far the greater number of installations in the 
United States are of the last order. 

The mechanical or Kdrting system is not much in evidence in this 
country, but it is used extensively in Europe. The operation of this 
system is described in paragraph 51. The makers state that to oper- 
ate the pumps and supply the heat to the oil takes from f to 1 per cent 
of the steam evaporated. Mechanical atomization presents many pos- 
sibilities and it is not unlikely that future development may lie along 
this path. 

In air atomization the air is used at pressures from If to 60 pounds 
per square inch, depending upon the type of burner. From Table 27 
it will be seen that the total steam used to compress the air varies 
from 1.01 to 7.45 per cent of the total generated. For air atomization 
and with air pressures of from 20 to 30 pounds per square inch, J. H. 
Hoppes (Jour. A.S.M.E., Aug., 1911, p. 902) states that from 6 to 10 
cubic feet of air per minute per poimd of oil burned will be required. 
Compressed air offers no opportunity for fuel saving over the use of 
steam direct in cases where steam is available. In certain industrial 
operations where high temperatures are essential the use of air is pre- 
ferred. When it is necessary to use high-pressure air the economy 
decreases with the increase in pressure, since the cost of each cubic foot 
of compressed air increases rapidly with the pressure, but its ability to 
atomize the oil does not increase proportionately. 

Steam is the most commonly used medium for atomizing the oil, 
since its use obviates complication and risk of interrupted service. 
The amount of steam required to atomize the oil varies from 0.15 to 
0.7 pounds per pound of oil, with an average of about 0.4 pounds. The 
steam consumption is generally stated in per cent of the total steam 
generated, but the results are misleading since the percentage factor 
depends largely upon the efficiency of the boiler. Table 27 gives the 
results of a number of tests of different types of burners with air and 
steam as atomizing mediums. 

54. Oil-feeding Systems. — Fig. 30 gives a diagrammatic arrange- 
ment of the piping commonly employed in feeding oil fuel to the burners. 
Steam-actuated oil pumps, installed in duplicate, draw the fuel from 
the supply tank and deliver it under pressure to the burners. The 
piping is cross-connected so that repairs can be made without inter- 
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30. Diagrammatic Arrangement of Piping for Fuel-oil System. 
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rupting the ser\ice. The oil is heated from the pump exhaust before 
it is supplied to the burners. This should not be carried beyond the 
flash point of the oil used or there 'will be danger from carbon deposits 
in the supply pipe. A strainer is placed in the suction line between 
the storage tank and the oil-pressure pump to minimize clogging of 
the burner. In some instances strainers are also placed in the supply 
pipe between the heater and burner. The relief valve between the 
pumps and burners is set at a definite maximum oil pressure so as to 
prevent excessive pressure. The oil meter is for the purpose of check- 
ing the storage tank indicator. All oil piping is installed so that it 
can be dimned back to the storage tank by gra\it 3 ^ c^se of neces- 
sity. In man}^ large plants the strainers, meters, heaters and piping 
are installed in duplicate. Arrangements are usually made for the oil 
to be delivered at constant pressure. The supply of steam to the 
burner is controlled by regulating the pressure in a separate main 
common to all burners, the pressure in the main bearing a certain pre- 
determined relation to the pressm*e in the oil mains. In most installa- 
tions the supply of steam and oil at the burner is regulated by hand 
to meet the requirements of the individual burners. At the Redondo 
plant of the Pacific Light and Power Company, Redondo, Cal., the 
supply of oil and steam to all burners and the supply of air for com- 
bustion to any number of boilers are automatically controlled from a 
central point. For a description of this system see Trans. A,S.M.E., 
Vol. 30, p. 808. 

Low-pressure systems are ordinarily operated under standpipe 
pressures as in Fig. 31, which illustrates the arrangement of apparatus 
as advocated by the International Gas and Fuel Company. A steam 
pump B draws the oil from the buried tank through pipe Z and delivers 
it to the standpipe E, Thence it flows through pipe I to the burners 
under a head of about 10 feet. The pump runs constantly, the surplus 
oil flowing back to the tank through the pipe T. The oil is heated by 
the exhaust pipe Z\ The oil pump is provided with a device D having 
a piston connected by a chain with a cock Sj which automatically opens 
when the boiler is not under steam pressure, so that the standpipe will 
be emptied, the oil flowing to the storage tank. 

Fig. 32 illustrates the Hydraulic Oil Storage Company’s system of 
storing oil and delivering it to the burners. The oil reservoirs are 
placed below grade, as indicated, to minimize fire risk. The operation 
is as follows: Water enters the “float box” and flows through a “three- 
way cock” to the bottom of the reservoir until all of the oil and water- 
pipes are filled up to the level of the float box, when the float automati- 
cally cuts off the supply. This flooding of the entire system drives 
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Pig. 31. Interaational Gas and Fuel Company’s Fuel-oil System. 


SyphoD 



Fig. 32. Hydraulic Oil Storage Company ’h Fuel-oil Syntera, 
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out all of the air. The three-way cock is then turned to “discharge’’ 
and part of the water flow's to the sew^er. The tank car or wagon is 
next attached to the “oil inlet” and the oil flow’s into the tank and dis- 
places the w’ater until the level of the “filler float” is reached^ w’hen the 
supply is automatically cut off. The inlet is so placed that the head 
of oil in the tank car is sufficiently great to overcome the opposing 
head of water. The three-way valve is next turned to the first position 
and the head of water forces the oil to the burners. After the oil has 
been withdrawm from the storage tank the water can only rise to the 
level of the water in the float box and therefore cannot be fed to the 
furnace. The small steam pipe admits steam into the tank and heats 
the oil, thereby making it flow more freely. 

55. Oil Transportation and Storage. — Fuel oil is delivered in bulk, 
either in tank cars, barges or steamships, or by pipe lines, depending 
upon the location of the plant. It must be stored in accordance with 
underwriters’ requirements and community ordinances. The require- 
ments of the National Board of Fire Underwriters as regards the storage 
and use of fuel oil are substantially as follows: 

All oil used for fuel purposes under these rules shall show a flash test 
of not less than 150 deg. fahr. (Abel-Pensky flash-point tester). This 
flash point corresponds closely to 160 deg. fahr. (Tagliabue open-cup 
tester), which may be used for rough estimations of the flash point. 

In closely built-up districts or wdthin fire limits, tanks to be located 
underground with their tops not less than 3 ft. below the surface of 
the ground and below the level of the lowest pipe in the building to be 
supplied. Tanks may be permitted underneath a building if buried 
at least 3 ft. below the basement floor, which is to be of concrete not 
less than 6 in. thick. Tanks shall be set on a firm foundation and 
surrounded with soft earth or sand, well tamped into place. No air 
space shall be allowed immediately outside of tanks. The tanks may 
have a test well, provided the test well extends to near the bottom of 
the tank, and the top end shall be hermetically sealed and locked ex- 
cept when necessarily open. When the tank is located underneath a 
building, the test well shall extend at least 12 ft. above the source of 
supply. The limit of storage permitted shall depend upon the location 
of tanks with respect to the building to be supplied and adjacent build- 
ings, the permissible aggregate capacity if lower than any floor, base- 
ment, cellar or pit in any building within the radius specified being as 
follows: 

Radius. 

50 ft. 

30 ft. 

20 ft. 

10 ft. 

Less than 10 ft. 

* In this case the tank must be entirely incased in 6 in. of concrete. 


Capacity. 

Unlimited 
20,000 gal 
6,000 gal. 
1,600 gal, 
*500 gal 
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When located underneath a building no tank shall exceed a capacity 
of 9,000 gal., and basement floors must be provided with ample means 
of support independent of any tank or concrete casing. 

Outside of closely built-up districts or outside of fire limits, above- 
ground storage tanks may be permitted provided drainage away from 
burnable property in case of breakage of tanks is arranged for or suitable 
dikes are built around the tanks. 

When above-ground tanks are used, all piping must be arranged 
so that in case of breakage of piping the oil will not be drained from the 
tanks. This requirement prohibits the use of gravity feed from stor- 
age tanks. Above-ground tanks of less than 1,000 gal. capacity with- 
out .dikes may be permitted in case suitable housings for the protection 
of the tanks against injury are provided. 


MATERIAL AND CONSTRUCTION OF TANKS 

Tanks must be constructed of iron or steel plate of a gauge depending 
upon the capacity as specified in the following: 


UNDERGROUND TANKS INSIDE SPECIFIED FIRE LIMITS. 
Or Within 10 Ft. of a Building When Outside Such Limits. 


Capacity, Gal. 

Ito 560. 
561 to 1,100 . . 
l,101to 4,000. 
4,001 to 10,500. . 
10,501 to 20,000. 
20,001 to 30,000. 


Minimum ThicknoHS 
of Material. 

14 U. 8 gauge 
12 U. S. gauge 
7 U. S. gauge 
I U. S. gauge 
U. B. gauge 
3 U. S. gauge 


UNDERGROUND TANKS OUTSIDE SPECIFIED FIRE LIMITS. 


Capacity, Gal. 


Provided the Tanks are 10 Ft. or More from a Building. 

Minimum ThioknoHS 
of Material. 


1 to ,30 . ■ . . 18 U. B. gauge 

31 to 350 16 IJ. B. gauge 

351 to 1,100 14 XT. B. gauge 

1,101 to 4,000 7 XT. B. gauge 

4,001 to 10,500. . 3XJ.B. gauge 

10,501 to 20,000 . A XT. B. gauges 

20,001 to 30,000 3 XT. B. gauge 


Tanks of greater capacity than 30,000 gal. must be made of propor- 
tionately heavier metal. All joints of tanks must bo rivebed and sol- 
dered, riveted and calked, welded or brazed together, oi* mad(^ by some 
equally satisfactory process. The shells of tanks must/ bo properly 
reinforced where connections are made and all coniUHilions so far as 
practicable made through the upper side of i-anks above ilio oil level 
Tanks shall be thoroughly coated on the outside with tar, asphaltum 
or other suitable rust-resisting material. 


FILL AND VENT PIPES 

Each underground storage tank having a capacity of over 1,000 gal 
must be provided with at least a 1-in. vent pipe extending from the top 
of the tank to a point outside the building, and to tonninate at a point 
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at least 12 ft. above the level of the top of the highest tank car or other 
reservoir from which the storage tank may be filled. The terminal 
must be provided vith a hood or gooseneck protected by a noiicor- 
rodible screen and be placed remote from fire escapes and never nearer 
than 3 ft., measured horizontally and vertically, from any window or 
other opening. Tent pipes from two or more tanks may be connected 
to one upright, provided the connection is made at a point at least 1 ft. 
above the level of the source of supply. 

Tanks ha\dng a capacity of less than 1,000 gal. may be provided with 
combined fill and vent pipes so arranged that the fill pipe cannot be 
opened without opening the vent pipe, these pipes to terminate in a 
metal box or casting provided with a lock. Fill pipes for tanks which 
are installed with permanently open vent pipes must be provided with 
metal covers or boxes, which are to be kept locked except during filing 
operations. Fil and vent pipes for tanks located under buildings are 
to be run underneath the concrete floor to the outside of the building. 

Suitable filters or strainers for the oil should be installed and pref- 
erably be located in the supply fine before reaching the pump. Filters 
must be arranged so as to be readily accessible for cleaning. Feed 
pumps must be of approved design, secure against leaks and be ar- 
ranged so that dangerous pressures wil not be obtained in any part of 
the sytem. It is further recommended that feed pumps be intercon- 
nected with pressure air supply to burners to prevent flooding. 

Glass gages, the breakage of which would alow the escape of oil, 
are to be avoided. If their use is necessary, they should have sub- 
stantial protection or be arranged so that oil wil not escape if broken. 
Pet-cocks must not be used on oil-carrying parts of the system. 

Receivers or accumulators, if used, must be designed so as to secure 
a factor of safety of not less than 6 and must be subjected to a pressure 
test of not less than twice the working pressure. The capacity of the 
oil chamber must not exceed 10 gal. A pressure gage must be provided; 
also an automatic relief valve set to operate at a safe pressure and 
connected by an overflow pipe to the supply tank, and so arranged that 
the oil will automatically drain back to the supply tank immediately 
on closing down the pump. 

If standpipes are used, their capacity shall not exceed 10 gal. They 
must be of substantial construction, equipped with an overflow and so 
arranged that the oil will automatically drain back to the supply tank 
on shutting down the pump, leaving not over 1 gal., where necessary, 
for priming, etc. If vented, the opening should be at the top and may 
be connected with the outside vent pipe from the storage tank, above the 
level of the source of supply. 

Piping must be run as directly as possible and pitched toward the 
supply tanks without traps. Overflow and return pipes must be at 
least one size larger than the supply pipes, and no pipe should be less 
than J-in. pipe size. Connection to outside tanks should be laid below 
the frost line and not placed near nor in the same trench with other 
piping. 

Readily accessible shutoff valves should be provided in the supply 
line as near to the tank as practicable, and additional shutoffs installed 
in the main line inside the building and at each oil-consuming device. 
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Controlling valves in which oil under pressure is in contact with the 
stem shall be provided with a stufSng-box of liberal size, containing 
a removable cupped gland designed to compress the packing against 
the valve stem and arranged so as to facilitate removal. Packing 
affected by the oil must not be used. The use of approved automatic 
shutoffs for the oil supply in case of breakage of pipes or excessive leak- 
age in the building is recommended. 

56. The Purchase of Fuel Oil. — The following extracts from Bulletin 
No. 3, 1911, Bureau of Mines (“Specifications for the Purchase of Fuel 
Oil for the Government, with Directions for Sampling Oil and Natural 
Gas'Oj though primarily intended for the guidance of Government 
officials, may be of service to engineers: 

1. In determining the award of a contract, consideration will be 
given to the quality of the fuel offered by the bidders, as well as the 
price, and should it appear to be the best interest of the Government 
to award a contract at a higher price than that named in the lowest 
bid or bids received, the contract will be so awarded. 

2. Fuel oil should be either a natural homogeneous oil or a homo- 
geneous residue from a natural oil; if the latter, all constituents having 
a low flash point should have been removed by distillation; it should 
not be composed of a light oil and a heavy residue mixed in such pro- 
portions as to give the density desired. 

3. It should not have been distilled at a temperature high enough 
to bum it nor at a temperature so high that flecks of carbonaceous 
matter began to separate. 

4. It should not flash below 140 deg. fahr. in a closed Abcl-Pensky 
or Pensky-Martens tester. 

5. Its specific gravity should range from 0.85 to 0.96 at (59 deg. 
fahr.); the oil should be rejected if its specific gravity is above 0.97 
at that temperature. 

6. It should be mobile, free from solid or semi-solid bodies, and should 
flow readily at ordinary atmospheric temperatures and under a head of 
1 foot of oil, through a 4-inch pipe 10 feet in length. 

7. It should not congeal or become too sluggish to flow at 32 deg. 
fahr. 

8. It should have a calorific value of not less than 10,000 calorics 
per gram (18,000 B.t.u. per pound); 10,250 calories to be the standard. 
A bonus is to be paid or a penalty deducted according to the method 
stated under section 21, as the fuel oil delivered is above or below this 
standard. 

9. It should be rejected if it contains more than 2 per cent water. 

10. It should be rejected if it contains more than 1 per cent sulphur. 

11. It should not contain more than a trace of sand, clay or dirt. 

12. Each bidder must submit an accurate statement regarding the 
fuel oil he proposes to furnish. This statement should show: 

a. The commercial name of the oil. 

b. The name or designation of the field from which the oil is obtained* 
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c. Whether the oil is a crude oil, a refinery residue^ or a distillate. 

d. The name and location of the refinerv, if the oil has been refined 
at all. 

For sampling, analysis, etc., consult complete bulletin. 

Analyses of California Petroleums: Bulletin No. 19, IT. S. Bureau of Mines, 1912. 

Atomization: Jour. A.S.M.E., Aug. 11, 1911, p. 883, 902; Jour. EL Power and Gas, 
Dec. 23, 1911. 

Burners: Jour. El. Power and Gas, Dec. 23, 1911, Apr. 1, 1911; Engng., Feb. 16, 
1912; Power, Jan. 27, 1914, p. 139. 

Comparative Evaporative Value of Coal and OH: Jour. El. Power and Gas, March 
18, 1911; Jour. A.S.M.E., Aug. 11, 1911, p. 872. 

Draft Requirements for Burning Oil Fuel: Jour. A.S.M.E., Aug., 1911; Oct., 1912. 

Economy Tests with Oil Fuels: Trans. A.S.M.E., 30-1908, p. 775; Jour. A.S.M.E., 
Aug. 11, 1911, p. 940. 

Furnaces for burning Oil Fuel: Jour. El. Power and Gas, Dec. 30, 1911, Apr. 8, 
1911; Jour. A.S.M.E., Aug., 1911, p. 879; Ir. Td. Review, June 3, 1908; Power, 
June 16, 1908. 

Oil Fuel: Prac. Engr., July 15, 1916, p. 607. 

Oil for Steam Boilers: Jour. A. S.M.E., Aug., 1911, p. 931; Jour. El. Power and Gas, 
Dec. 16, 1911; Power, Aug., 1908, p. 943; Jan. 23, 1908, p. 980; Bulletin No. 
131, Louisiana State University. 

Precautions with Oil Fuel: Eng. and Min. Jour., Apr. 1, 1911, p. 653. 

Purchase of Fuel Oil for the Government: Bulletin No. 3, Bureau of Mines, 1911. 

Regulation of Oil Supply to Burners: Trans. A.S.M.E., 30-1908, p. 804. 

Storage and Transportation: Jour. EL Power and Gas, Dec. 16, 1911, p. 564; Eng. 
News, Sept. 25, 1902, p. 232; Power, July 16, 1908. 

Unnecessary Losses in Firing Fuel OH: Trans. A.S.M.E., 30-1908, p. 797. 

57. Gaseous Fuels. — The most commonly used gaseous fuels for 
steam generating purposes are natural gas, blast furnace gas and by- 
product coke oven gas. 

Natural gas is an ideal fuel for steam generation and offers aU of the 
advantages of solid and liquid fuels and none of the disadvantages. 
No storage bins or reservoirs are necessary, ashes are absent and standby 
losses may be reduced to a minimum. In the immediate locality of 
natural gas wells, gas fired furnaces may prove to be more economical 
than coal furnaces but the limited supply restricts its use as a general 
fuel. A large combustion space is essential and a volume of 0.75 cubic 
feet per rated boiler horsepower will be found to give good results. The 
best results are obtained by employing a large number of small burners, 
each capable of handling 30 nominal rated horsepower. The use of 
a number of small burners obviates the danger of stratification of the 
gases which might occur with the large burners. A typical burner is 
illustrated in Fig. 33. A satisfactory working pressure is about 8 
ounces at the entrance of the burner. Table 28 gives typical analyses 
and calorific values of natural gas. 
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Although blast-furnace gas is used extensively in gas engines its 
application to steam power generation is by no means discontinued, 
since the first high cost of a gas engine equipment, space requirements 
and high maintenance and attendance charges may more than offset 
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Fig. 33. Gwynne Improved Gas Burner. 


the high thermal efficiency. A furnace volume of approximately 1 
to 1.5 cubic feet per rated boiler horsepower gives satisfactory results. 
The burner illustrated in Fig. 33 may be adapted to blast furnace gas 
by increasing the size of gas openings. On account of the possibility 
of a pulsating action of the gases and the resulting puffs or explosions, 
settings for this class of work should be carefully constructed and thor- 
oughly buck staved. Blast furnace gas is very dirty and ample pro- 
vision should be made for removing the dust not only from the furnace 
but from the setting as a whole. Table 28 gives the chemical constit- 
uents and physical characteristics of a typical blast furnace gas. 

By-product coke oven gas has a higher calorific value than blast fur- 
nace gas but requires about the same type of burner and furnace design 
as the latter. It is ordinarily burned under a pressure of four inches 
of water. By-product coke oven gas is saturated with wat,(u vapor 
as it leaves the oven and provision should bo made for removing the 
water of condensation before it reaches the burner. Tar and other 
hydrocarbons, which are present in considerable amount, t,end to de- 
posit in the burners and render them inoperative. Ac(!umulation of 
this deposit is ordinarily prevented by “blowing out” the bizrners with 
steam. 

The Utilization of Waste Heat for Steam Generating Purposes, Jour. A.H.M.Ii., 
Nov., 1916, p. 859. 


Fig. 34 shows a section through a small experimental boiler designed 
by Prof. Wm. A. Bone, University of Leeds, England, which involves 
the principle of so-called “surface combustion,” and for which ex- 
travagant claims have been made as regards cfficionoy and capacity. 
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It consists essentially of a plain tubu!ar boiler, having ten tubes, 3 
inches in internal diameter. Each of these is bushed with a short tube, 
E, of fire clay and is filled for the rest of its length with finely broken 
refractory material. Mixing chambers of special design are attached 



to the front plate of the boiler as indicated. The mixture fed into the 
boiler tubes from these mixing chambers consists of the combustible 
gas with a proportion of air very slightly in excess of that theoretically 
required for combustion. The mixture is injected or drawn in through 
the orifice in the fire-clay plug. The gas burns without flame in the 
front end of the tube, the incandescent mass being in direct contact 
with the heating surface. The combustion of the mixture in contact 
with the incandescent material is completed before it has traversed a 
length of 6 inches from the point of entry of the tube. Although the 
core of the material at this part of the tube is incandescent the heat 
transference is so rapid that the walls of the tubes arc considerably 
below red heat. The evaporation in regular working order is over 
20 pounds per square foot of heating surface and this can l)e increased 
50 per cent with a reduction in efficiency of only 5 or 6 per cent. The 
figures given by Prof. Bone for the iboiler and economizer arc as follows: 


Date, Dec. 8, 1910. i 

Pressure of mixture entering boiler tithes, inches of water, ... 1 .... 17.3 

Pressure of products entering economizer, inches of water 2.0 

Steam pressure, pounds per square inch gauge 100.0 

Temperature of steam in boiler, deg. fahr t . . . . 334 . 0 

Teniiperature of gases leaving boiler, deg, fahr 446.0 

Temperature of gases leaving economizer, deg. fahr. 203 . 0 

Temperature of water entering economizer,' deg. fahr 41.9 
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Temperature of water lea^ang economizer, deg. fakr. . .... 130 4 

Evaporation per square foot of heating surface per hour, pounds. . 21.6 

Gas consumption, cubic feet per hour, at 32 deg. fahr. and 14.7 

pounds per square inch 996 , 0 

B.t.u. per standard cubic foot (lower heat value) 562 0 

Water evaporated per hour from and at 212 deg. fahr., pounds. . . . 550.0 

Efficiency of boiler and economizer (on basis of low heat value), per 

cent ... 94.3 


For further details of Prof. Bone’s experiment see American Gas Light Journal, 
Dec. 4, 1911; Engineering, April 14, 1911; Engineer (London), April 14, 1911. 
See also editorial, Industrial Engineering, Jan., 1912, p. 59. 

At this writing (1917) practically nothing has been done in this country toward 
applying Prof. Bone’s principles to steam boilers. For results of recent wmrk in 
surface combustion see Power, Feb. 13, 1917, p. 225. 

Burning Natural Gas under Boilers: Power, Oct. 22, 1912, p. 897. 

Coke Oven Gas as a Fuel: Power, -i^g. 29, 1916, p. 310. 


PROBLEMS. 

1. The following analyses were obtained from a sample of Illinois coal re- 
ceived”: 


Proximate Analysis. Ultimate Analysis. 



Per Cent. 


Per Cent. 

Moisture 

. . 12.39 

Hydrogen 

5 85 

Volatile matter . . . . 

.. 36.89 

Carbon 

.. . 61.29 

Fixed carbon 

... 41.80 

Nitrogen 

...... 1.00 

Ash 

. . 8.92 

Oxygen 

19.02 


100.00 

Sulphur 

3.92 



Ash 

8.92 




100.00 


а. Transfer these analyses to the “moisture free” and “moisture and ash free” 
basis. 

h. Transfer the ultimate analysis to the “moisture, ash and sulphur free” basis. 

c. Determine the free “hydrogen,” “combined moisture” and “total mois- 
ture.” 

d. Calculate the ultimate analysis from the proximate analysis. 

2. If the moisture and ash contents of an Illinois coal are 8 per cent and 12 per 
cent respectively, approximate the ultimate analysis by Evans’ method. (See 
Example 4.) 

3. Using Dulong’s formula calculate the calorific value of the dry coal as per 
analysis given in Problem 1. 

4. Using Dulong’s formula approximate the calorific value of the coal as received 
considering the calculated values of the ultimate analysis. (See Example 5.) 

5. Using the data in Problem 1, calculate the theoretical air requirements per 
pound of coal as fixed. 

б. Required the character and amount (by weight) of the products of combustion 
resulting from the complete combustion of the coal designated in Problem 1 with 
theoretical air requirements. 
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7. Same data as in Problem 6. Determine the per cent by volume of the CO 2 
in the flue gas. 

8. Determine the weight of dry air supplied per pound of coal as fired, analysis 
as in Problem 1, if the flue gas resulting from the combustion is composed of 

CO 2 13.00 O 2 5 30 

CO 0.44 Ns 81 26 

(Per cent by volume) 

9. Calculate the theoretical temperature of combustion if the coal as fired, analy- 
sis as in Problem 1, is completely burned with 50 per cent air excess. 

10. If coke breeze containing 85 per cent carbon and 15 per cent ash is completely 
burned under a boiler with 50 per cent air excess and the flue gas temperature is 
500 deg. fahr., required the heat loss in the flue gas per lb. of fuel as fired if the 
temperature of the air supply is 80 deg. fahr. 

11. If the flue gas resulting from the combustion of the fuel designated in Problem 
10 contains 0.5 per cent CO and 12 per cent CO 2 (by volume), required the loss due 
to incomplete combustion of the carbon. 

12. Calculate the heat loss in the refuse if lihe coal as fired has an ash content of 
15 per cent and the combustible in the dry refuse is 20 per cent of the dry refuse. 
Calorific value of the combustible in the ash, 13,600 B.t.u. per lb. 

13. Required the heat lost per lb. of coal as fired in evaporating the moisture 
from the coal designated in Problem 1 if the temperature of the flue gas is 500 4Gg. 
fahr. and that of the boiler room, 80 deg. fahr. 

14. If crude oil containing 14 per cent of hydrogen and 3 per cent of oxygen is 
burned under a boiler, required the amount of heat lost per lb. of oil due to the for- 
mation of water by the combustion of the hydrogen. Flue gas 'temperature, 450 
deg. fahr., temperature of the oil, 120 deg. fahr. 

15. The following data were obtained from a boiler evaporation test: 

Heat absorbed by the boiler, 70 per cent of the calorific value of the coal as fired. 


Analysis of the coal as fired: 

Per Cent. Per Coni. 

Carbon 65 Ash and Sulphur 12 

Oxygen. 8 Free moisture 10 

Hydrogen . 4 Nitrogen 1 

Calorific value as fired, 10,350 B.t.u. per lb. 

Flue Gas Analysis: 

Per Cent. Per Cent. 

CO 2 14 18 CO 1.42 


O 2 3.55 N 2 cS().8r)(l)y differeuce) 

Temperature of air entering furnace, 80 deg. fahr., tempcratur(‘, of i/he flat' gas, 
480 deg. fahr., temperature of the steam in the boiler, 350 <hg, fahr., relai/ive humidity 
of the air entering the furnace, 70 per cent, combustible in th(^ dry refuse, 20 pt^r cciut. 

a. Calculate the actual losses in per cent of the coal as fired. 

b. Calculate the inherent losses in per cent of the coal as fired. 

c. Approximate the extent to which the actual losses may be roducesd by careful 
operation and proper design. 

16. 800,000 pounds of water are fed into a 72-inch by 20-ft. return tubular boiler 
during a period of 30 days; total weight of coal fed to furnace, 150,000 lb; coal used 
in banking fires and in starting up, 35,000 lb.; water “blown off,” I gauge (4-iu.) 
per day; boiler pressure, 115 lb. per sq. in. gauge; required the (extent of tlie stand- 
by losses in per cent of the net actual evaporation. 



CHAPTER III 


BOILERS 

58. General. — The modern steam boiler is substantially identical 
in general design to its protot^’pe of a generation ago. Increased 
pressure and superheat have necessitated improvements in structural 
details but changes affecting safety and operation are not to be confused 
with changes of design. Many of the small hand-fired boilers of today 
are in every w^ay identical with those of twenty years ago. Great 
improvements have been made in the design and construction of the 
furnace and setting, mechanical stokers have been perfected and the 
maximum size of units has been vastly increased but the boiler proper 
is basically unchanged. 

As affecting fuel economy the boiler equipment is by far the most 
important part of the power plant and involves the largest share of the 
operating expenses. It matters little how elaborate, modern, or well 
designed it may be, skill, good judgment, and continued vigilance are 
required on the part of the operator to secure the best efficiency. 

Of the various types and grades of boilers on the market experience 
shows that most of them are capable of practically the same evapo- 
ration per pound of coal, provided they are designed with the same 
portions of heating and grate surface and are operated under similar 
conditions. They differ, however, with respect to space occupied, 
weight, capacity, first cost, and adaptability to particular conditions 
of operation and location. 

There is a tendency towards standardization of boiler construction 
by legislation in various communities. In view of the numerous adop- 
tions of the Standard Specifications for the Construction of Steam 
Boilers and Other Pressure Vessels”* as formulated by the American 
Society of Mechanical Engineers, it is not unlikely but that this code 
will ultimately be the required standard for all communities in the United 
States, t 

50. Classification. — As to design and construction there is an almost 
endless variety of boilers and furnaces, classified as internally and 

Trans. A.S.M.E., Vol. 36, 1914, p. 981. Also printed in pamphlet form. 

t These rules do not apply to boilers which are subject to federal inspection and 
control, including marine boilers, boilers of steam locomotive and other self-pro^ 
pelled railroad apparatus. 
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externally fired; water tube snadfire tube; through tube and returyi tubular; 
horizontal and vertical. 

The internally fired type includes the vertical tubular, locomotive, 
Scotch-marine, and practically all fine boilers. The externally fired 
includes the plam cylinder, the through tubular, return tubular, and 
nearly all stationaiy water-tube boilers. A few well-known types will 
be described in detail. 

60. Vertical Tubular Boilers. — Figs. 1 and 35 illustrate typical 
fire-tube boilers of the internally fired class. The type shown in Figs. 
1 and 35 are commonly used where small power, compactness, low first 

cost and sometimes portability are 
chief requirements. They are seldom 
constructed in sizes over 100 horse- 
power. The tubes are placed sym- 
metrically with a continuous clear 
space between them and the spaces 
crossing the tube section at right an- 
gles, by means of which the tubes and 
tube sheet may be readily cleaned. 
Two styles are in common use; the 
exposed tube, Fig. 1, and the submerged 
tube. In the former the tube sheet 
and the upper portion of tlic tubes 
are exposed to the steam and in the 
latter they are completely submerged. 
According to the A.S.M.E. Boiler 
Code, not less than seven hand holes 
or wash out plugs arc required for 
boilers of the exposed tube type; 
three in the shell at or about the lino 
of the crown sheet, one in tlu^ shell at 
or about the fusible plug and three 
in the shell at the lower part of the 
water leg. In the submerged type', 
two or more additional hand holes arc required in the shell in line with 
the upper tube sheet. The distance between the crown slux'.t and the 
top of the grate should never be less than 24 inches even in the smalk^st 
boiler and should be as great as possible to insure good combustion. 

The advantages of this type of boiler are: (1) compactne^ss and port- 
ability; (2) requires no setting beyond a light foundation; (3) is a 
rapid steamer, and (4) is low in first cost. The disadvantages are: 
(1) inaccessibility for thorough inspection and cleaning; (2) small steam 



Fig. 35. Vertical Tubular Boiler 
with Submerged Tube Sheet. 
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space, which results in excessive priming at hea\y loads; (3) poor econ- 
omy except at light loads, as the products of combustion escape at a 
high temperature on account of the shortness of the tubes; (4) smoke- 
less combustion practically impossible with bituminous coals; (5) the 
small water capacity results in rapidly fluctuating steam pressures 

with varying demands for steam. 


O ^0 0^0 
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Although vertical fire-tube boilers 
are usually of very small size, being 
seldom constructed in sizes over 100 
horsepower, an exception is found in 
the Planning boiler, Fig. 36, which is 
constructed in sizes as large as 250 
horsepower. Many of the disadvan- 
tages found in the smaller types are 
obviated in the Manning boilers, 
which, as far as safety and efficiency 
are concerned, rank with any of the 
other first-class types. They differ 
from the boiler described above 
mainly in having the lower or fur- 
nace portion of much greater diameter 
than the upper part which encircles 
the tubes. This permits a proper 
proportion of grate, which is not ob- 
tainable in boilers like Figs. 1 and 35. 
The double-flanged head connecting 
the upper and lower shells allows 


I H > ; {oooooooooooooooGKMooMooaa I 
Q ! O OO 00 00 00 COW 

0 . . i O O O ® 

-**-**-**-1 O 00 00 00 00 04B 

iQQQQQQ 

> 0 0 o oooooooooo opm^ > 

) 00 O j Q O O O O O O O O Q 0 oon ' 

i 00 O O O O OOOOQOO 000 > 

i oof O O 0 9 9 O OOOOOOOOO 

) ooi O O O O O oooeoi 

> 0 (jo O 0 O 0 0000 

^ 0 Jo O 0 G 0 0 0 00 

> o/ G O G G O 9 

fa ® 0 0 0 9 9 090 I 




1°o°cPo°o#^&3d°oW/ 


Fig. 36. Manning Vertical Fire-tube Boiler. 
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sufficient flexibility between the top and bottom tube sheets to provide 
for unequal expansion of tubes and shell. The ash pit is built of brick 
and the water leg does not extend below the grate level, thus doing 
away with dead-water space. Where overhead room permits and 
ground space is expensive, this boiler offers the advantage of taking up 
a small floor space as compared with horizontal types. 

61. Fire-box Boilers. — Although vertical fire-tube boilers may be 
classed as fire-box boilers, yet the term “fire box” is usually associated 
with the locomotive types, whether used for traction or stationary pur- 
poses. The usual form of fire-box boiler as applied to stationary work 
is illustrated in Fig. 37. The shell is prolonged beyond the front tube 



sheet to form a smoke box. The front ends of the tubes lead into the 
smoke box and the rear ends into the furnace or fire box. The fire box 
is ordinarily of rectangular cross section, and is secured against collapse 
by stay bolts and other forms of stays. In Fig. 37 the smoke box is of 
cylindrical cross section and hence requires no staying except at the 
flat surface. Fire-box boilers are used a great deal in small heating 
plants where space limitation precludes other types. Their steam 
capacity gives them an advantage over the vertical tubular form. 
Being internally fired no brick setting is required. They are usually 
of cheap construction, designed for low pressure, and seldom made in 
sizes over 75 horsepower. Unless carefully designed and constructed 
high steam pressures are apt to cause leakage because of unequal ex- 
pansion of boiler shell, tubes, and fire bgx, Pprtable firp-bpx boilers 
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with return tubes are made in sizes as large as 150 horsepower and for 
pressures as high as 150 pounds per square inch, but being more costly 
than some of the other types of boilers of equal capacity are used only 
where portability is an essential requirement. 

Fig. 38 show's a longitudinal section through a fire-box boiler of the 
brick set’’ type. This class of boiler is much in evidence in lowrer 
pressure heating installations. The boiler proper is encased in brick 
work and the gases are carried along the outer surface of the shell 



before being discharged through the breeching. For smokeless com- 
bustion the furnace is fitted with a dowm-draft grate (see paragraph 98), 
and lined with refractory material. 

62 . Scotch-marine Boiler. — Where an internally fired boiler is 
desired for large powers the Scotch-marine type is finding much favor 
with engineers. A number of the tall oflSce buildings in Chicago are 
equipped with boilers of this class which are giving good results. They 
require little overhead room, no brick setting, and are excellent steamers. 
The Continental boiler, Fig. 39, is one of the best knowm of this type. 
The boiler is self-contained and requires no brick setting, the only fire 
brick used being those that form the bridge wall, baffle ring, and the 
layer at the back of the combustion chamber. The furnace and tubes 
are entirely surrounded by water, so that all fire surfaces, excepting the 
rear of the combustion chamber, are water cooled. The furnace is 
corrugated for its whole length. These corrugations, in addition to 
giving greater strength to the furnace, act as a series of expansion 
joints, taking up the strains due to unequal expansion of furnace and 
shell. Practically all types of mechanical stokers and grates are appli- 
cable to these boilers. The advantages of a Scotch boiler and of all 
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internally fired boilers are: (1) minimum radiation losses; (2) require 
no setting; (3j no leakage of cool air into the furnace as sometimes 
occurs through cracks or porous brickwork of other t>'q)es; (4) large 
steaming capacity for the space occupied. The circulation, however, 
is not always positive and the water below the furnace may be con- 
siderably below the average or normal temperature, giving rise to un- 
equal expansion and contraction which may cause leakage. The boiler 
proper is relatively costly, but this is offset to some extent by the 
absence of setting. 

6S. Robb-Miimford Boiler. — Fig. 40 shows a section through a 
Eobb-jMuniford boiler, which is a modification of the Scotch-marine 
and of the horizontal tubular t^q^e. It consists of two cylindrical 



shells, the lower one containing a round furnace and tubes and the 
upper one forming the steam drum, the two being connected by two 
necks. The lower shell has an incline of about one inch per foot from 
the horizontal, for the purpose of promoting circulation and draft, 
and also for convenience in washing out the lower shell. Combustion 
takes place in the furnace, which is surrounded entirely by water, and 
the gases pass through the tubes and return between the lower and 
upper shells (this space being inclosed by a steel casing) -to the outlet 
at the front of the boiler. Mingled water and steam circulate rapidly 
up the rear neck into the steam drum, where the steam is released, the 
water passing along the upper drum towards the front of the boiler and 
down the front neck, a semi-circular baffle plate around the furnace 
causing the down-flowing water to circulate to the lowest part of the 
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lower shell under the furnace. The outer casing, which incloses the 
space between the lower and upper shells, including the rear smoke 
box and the smoke outlet, is constructed of steel plate, with angle-iron 
stiffeners, the various sections being bolted together for convenient 
removal. The inside of the steel case, including the rear smoke cham- 
ber, is lined with asbestos air-cell blocks fitted in between the angle-iron 
stiffeners. The top of the upper drum and bottom of the lower shell 
are also covered with non-conducting material after the boiler is erected. 
Owing to the fact that steam and water spaces are divided between two 
cylindrical shells, the thickness of plates is not so great as in the Scotch- 
marine or horizontal return tubular types; and the rear chamber of the 
marine boiler is avoided. 

The chief claim for this type of boiler is compactness. A battery of 
five 200-horsepower units occupies a floor space of but 33 feet in width 
by 20 feet in depth and 12.5 feet high. Each unit is entirely inde- 
pendent and may be isolated for cleaning, inspection, and repairs. 

64, Horizontal Return Tubular Boilers. — These are the most com- 
mon in use and are constructed in sizes up to 500 horsepower. They 
are simple and inexpensive and, when properly operated, durable and 
economical. Figs. 41 to 44 show various forms of standard settings, 
and Figs. 88, 89, and 90 different smokeless” settings. The grate is 
independent of the boiler, and the products of combustion pass beneath 
the shell to the back end, returning through the tubes to the front, 
and into the smoke connection. 

The tubes are from 3 to 4 inches in diameter and from 14 to 18 feet 
long, and are expanded into the tube sheets. The portion of the tube 
sheets not supported by the tubes is secured against bulging by suitable 
stays. Access to the interior of the boiler is obtained through manholes. 
The most convenient arrangement for inspection and cleaning is to have 
one manhole located at the top of the shell and one at the bottom of 
the front tube sheet. Return tubular boilers are made either witli an 
extended or half arch front (Fig. 41) ov flush front (Fig. 42). The shell 
may be supported by lugs resting on the brickwork as in Fig. 41 or by 
steel beams and hangers as in Fig. 43. The latter construction permits 
the brickwork and shell to expand or contract independently, and settling 
of the brickwork does not affect the boiler alignment. According to the 
A.S.M,E. Boiler Code all horizontal tubular boilers over 78 in. in di- 
ameter are required to be supported by this outside suspension type of 
setting. With the side bracket support, the front lugs usually rest 
directly on iron or steel plates embedded in the brickwork, and the back 
lugs on rollers, to permit free expansion and contraction. The brackets 
are long enough to rest upon the outside wall, so that the inside brick 
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lining can be rene-wed -nithout disturbing the setting. The A.S.M.E. 
Boiler Code specifies four pairs of brackets (two pairs on each side) 
for boilers over 54 in. and up to and including 78 in. in diameter, and 
not less than two brackets on each side for boilers up to and including 



Fig. 43. E,etum Tubular Boiler Setting — Outside Suspension Type. 

54 in. in diameter. The distance between the rear tube sheet and wall 
should be about 16 inches for boilers less than 60 inches in diameter 
and from 20 to 24 inches for larger ones. The distance between grate 
and boiler shell should not be less than 28 inches for anthracite coal 
and 36 inches for bituminous coaL* The greater this distance the more 
complete the combustion, since the gases will have a better opportunity 
for combining with the air before coming into contact with the compara- 
tively cool surfaces of the shell. The shell should be slightly inclined 
toward the blow-off end so as to drain freely. 

The vertical distance between the bridge wall and shell is usually 
between 10 and 12 inches. The lower part of the combustion chamber 
behind the bridge wall may be filled with earth and paved with common 
brick as in Fig. 44 or left empty as in Fig. 42. The shape of the bridge 
walls whether curved to conform to the shell or flat appears to have 
little influence on the economy. 

The side and end walls are ordinarily constructed of common brick 
with an inner lining of fire brick, and may be solid as in Fig. 42 or 
double with air spaces as in Fig. 41. The latter construction permits 
the inner and outer walls to expand independently without cracking 

* For smokeless combustion the setting must be modified. See furnaces illus- 
trated and described in paragraph 93. 
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Fig. 44. Boiler Setting; “Wood” Mill of the American Woolen Company, Lawrence, Mass, 
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and settling. Tests conducted by Ray and Kreisinger * show that a 
solid wall is a better heat insulator than a wall of the same total thickness 
containing an air space, hence if air spaces are used they should be filled 
mth loose non-conducting material. The side walls are braced by 
five pairs of buckstaves, vdih through rods under the paving and 
over the tops of the boilers. Air leakage through the setting is com- 
pletely eliminated by enclosing the entire setting within a steel casing. 
A lining of kieselguhr or similar insulating material within the casing 
will greatly reduce the heat losses through the walls of the setting. 
See Insulation of Boiler Settings,” Joseph Harrington, Power, Mar. 
27, 1917, p. 410. 

The connection between the rear waU and the shell is a source of 
more or less trouble on account of the expansion and contraction of the 
boiler. Cast-iron supports of T section supporting a fire-brick arch 



Fig. 45. Furnace Arch Bars. Fig. 46. Back Connection Made with 

Cast-iron Plate. 


are usually employed as illustrated in Fig. 45, the clearance between 
the arch and the shell being sufficient to allow the necessary expansion. 
In order to avoid air leakage this clearance space is fiUed with asbestos 
fiber. 

Fig. 46 shows the common method of resting one end of the arch 
supports on the rear wall and the other end on an angle iron riveted to 
the boiler. Fig. 47 illustrates the principles of the Woolson Arch 
connection. 

The products of combustion are sometimes carried over the top of 
the boiler as shown in Fig. 44. This tends to superheat the steam, but 
the advantage gained is probably offset considerably by the extra cost 
of the setting and the accumulation of soot on the top of the shell. The 
arrangement is not common. 

* Bui. No. 8, U. S. Bureau of Mines, 1911. 
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The steam connection is naturally made to the highest point in the 
boiler shell. Frequently a steam dome, to which the steam nozzle is 
connected, is pro\ided as in Fig. 42. The function of the steam dome 
is to increase the steam space so as to permit the collection of dry 

steam at a point high above the 
water level. If a boiler is too small 
for its work and is forced far above 
its rating a steam dome is probably 
an advantage, though its use is less 
common now than formerly, since 
a properly designed boiler insures 
ample steam space without one. A 
dry pipe inside the boiler above the 
water line as in Fig. 39 or 40 is 
commonly used to guard against 
priming where the nozzle is con- 
neeted to the shell. 

For low pressures and small powers 
the return tubular boiler has the ad- 
vantage of affording a large heating surface in a small space and large 
overload capacity. It requires little overhead room and its first cost 
is low. On the other hand the interior is difficult of access for purposes 
of cleaning and inspection. Boilers of this type are constructed in 
various sizes ranging from a 36-in. by 8 ft., rated at 15 horsepower, to a 
108-in. by 21 ft., rated at 500 horsepower, though sizes above 200 horse- 
power are exceptional. The working pressure seldom exceeds 150 
pounds per square inch. 

The standard externally fired return tubular boiler is limited in size 
since the damage from overheating the shell directly over the fire bed 
increases rapidly with the increase in thickness of the plate. The 
Lyons boiler overcomes this restriction through the addition of a bank 
of water tubes which form a roof to the furnace. These tubes protect 
the shell from the direct action of the gases and insure a positive and 
rapid circulation. They are covered with tile or split brick and form 
the equivalent of a “Dutch oven.^' 

Arches— Firebrick Furnace: Jour. A.S.M.E., Jan., 1916, p. 7; Power, Feb. 20, 1912, 
Oct. 24, 1916, p. 598. 

65. Babcock & Wilcox Boilers. — Fig. 48 shows a longitudinal section 
through a Babcock & Wilcox boiler, illustrating a typical horizontal 
water-tube type. The tubes, usually 4 inches in diameter and 18 feet 
in length, are arranged in vertical and horizontal rows and are expanded 


f-Brick OP Edge 



Fig. 47. . Woolson’s Gas Tight Back 
Arch Connection. 
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into pressed-steel headers. Two vertical rows are fitted to each header 
and are ' staggered’’ as shovm in Fig. 49. The headers are connected 
mth the steam drum by short tubes expanded into bored holes. Each 


steel SnuBOrt 



Fig. 48. Babcock & Wilcox Boiler and Standard Hand-fired Setting. 


tube is accessible for cleaning through openings closed by covers with 
ground joints held in place by forged steel clamps and bolts. The 
tubes are inclined at an angle of about 22 degrees with the horizontal. 
The rear headers are connected at the bottom to a 
forged steel mud drum. The steam drum is horizon- 
tal and the headers are arranged either vertically as 
shown in Fig. 94 or inclined as in Fig. 50. The 
boiler is supported by steel girders resting on suit- 
able columns independent of the brick setting. The 
grate is placed under the higher ends of the tubes, 
the products of combustion passing at right angles 
to the tubes and being deflected back and forth by 
fire-tile baffles. The feed water enters the front of 
the steam drum as shown in Fig. 50. A rapid cir- 
culation is effected by the difference in density be- 
tween the sohd column of water in the rear header 
and the mixed steam and water in the front one: ^ 40 -n + -1 

Babcock & Wilcox boilers under 150 horsepower Header— Babcock 
have but one steam drum, and the larger sizes have & WUcox Boiler, 
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two. The drums are accessible for inspection through manhole open- 
ings. The number of tubes varies with the size of boiler, ranging from 
6 vide and 9 high in the 100 horsepower boiler to 14 high and 18 wide 
in the 500 horsepower boilers. The spacing of the tubes is based 

primarily upon the proportions of the 
grate. The vidth of the grate deter- 
mines the number of tubes wide’^ and 
the capacity of the boiler controls the 
“number of tubes high.’' Babcock & 
Wilcox boilers may be baffled so that 
the gases may pass out either at the 
front or rear of the top of the setting 
or at the rear of the bottom of the 
setting. The gases may be directed 
across the tubes as illustrated in Fig. 48 
or along the tubes as shown in Fig. 53,* 
Large doors in the sides of the setting 
give full access to all parts for inspec- 
tion and for removal of accumulations 
of soot. In the strictly modern power 
Fig. oO. Front Section Babcock plant the setting is encased in steel in 
& Wilcox Boiler. order to prevent air leakage, and the 

casing is lined on the inside with heat insulating material, such as 
kieselguhr, so as to reduce heat losses. 

Fig. 51 shows a section through a Babcock & Wilcox marine type 
boiler with cross drum. Boilers of this design have been installed 
in units of 1200 rated horsepower and are giving eminent satisfaction 
as to efficiency and capacity. For smokeless settings see Chapter IV. 

6«. Heine Boiler. — Fig. 52 shows a longitudinal section through a 
Heine horizontal water-tube boiler. This boiler differs from the Bab- 
cock & Wilcox boiler in that the tubes are expanded into a single largo 
header constructed of boiler steel. The drum and tubes are parallel 
with each other and inclined about 22 degrees with the horizontal. ■ The 
feed water enters at the front of the steam drum and flows into the mud 
drum, from which it passes to the rear header; Steam is taken from the 
front of the steam drum and is partially freed from moisture by the dry 
pipe A. A baffle over the front header prevents an excess of water 
from being carried into the dry pipe. As the rear header forms one 
large chamber, no additional mud drum is necessary and the sediment 
is “ blown off ” from the bottom by the blow-off cock. The circulation is 

* Horizontal and Vertical Baffling for B. & W. Boilers, S. H. Viall. Power, June 20, 
1916, p. 874. 
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somewhat freer than in the Babcock & Wilcox boiler on account of the 
large sectional area through the headers. 

Circulation iu Water Tube Boilers: Jour. A.S.M.E., Jan. 1916, p. 17. 

67 . Parker Boiler. — Fig. 53 shows a longitudinal sectional elevation 
and an end sectional elevation of a 1200-horsepower Parker down- 
flow boiler mth double-ended setting. This type of boiler is finding 
much favor with engineers for central stations where large units are 
desired. The Parker boiler differs from the conventional horizontal 
water-tube boiler principally^ in circulation and flexibility. 

Feed water is pumped into the economizer or feed element (1), Fig. 
53, at 0, 0, and flows downward through a series of tubes, discharging 
finally into the drum through an upcast H. In a large unit, as illus- 
trated here, there are two feed elements and two drums. The circula- 
tion in the feed element is indicated by solid lines and arrow points at 
the left of the end sectional elevation, the tubes having been omitted 
from the drawing for the sake of clearness. 

The intermediate elements (2) take their water supply from the bot- 
tom of the drum through a cross-box 7, the circulation being downward, 
as indicated by arrow points, through four tube wide elements, and 
finally discharge it through an upcast X into the steam space of the drum. 
Each element has a ^^down-corner’’ and an upcast. In the smaller- 
sized boilers the intermediate elements are omitted. 

The evaporator elements (3) take their water supply from the bottom 
of the drum at 7, the circulation being downward through two tube 
wide elements, and finally discharge it into the drum at 17. The last 
two passes of the water are through the two bottom tubes of each 
element, thus assuring dry steam without the use of dry pipes. To 
prevent reversal of flow each element is fitted with a check valve at the 
admission end. Each drum is equipped with a diaphragm, as indicated, 
separating the steam and water spaces, thus insuring against foaming 
and priming. 

Saturated steam is taken from the drum at A and passes by way of 
B to C, where it enters the superheater S, The superheated steam 
leaves the superheater at D and passes by way of E and R and the 
storage drum iV, finally leaving the boiler at G. The superheater is 
designed to maintain an approximately constant degree of superheat 
for all variations in load. 

All tubes are connected by malleable-iron junction boxes the interior 
of each tube being accessible through hand holes placed opposite the 
end of each tube. The hand-hole cover plates are on the inside of the 
box and have conical ground joints, thus dispensing with gaskets. 
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The Parker boiler is built single or double ended^ mth or mthout 
superheater, and in sizes ranging from oO-horsepower to 2500-horse- 
power standard rating. 

S8. WIckes Botter, — Fig, 54 shows a section through a Wickes 
vertical boiler, illustrating the vertical water-tube type. The steam 
drum and water drum are arranged one directly above the other. The 
tubes are expanded and rolled into both tube sheets and are divided 
into two sections by fire-brick tile. The water line in the steam drum 
is carried about two feet above the tube sheet, leaving a space of five 
feet between water line and top of the drum. This affords a large 
steam space and disengagement surface. Feed water is introduced 
into the steam drum below the, water line and flows downward through 
the tubes of the second compartment. The boiler is supported by four 
brackets riveted to the shell of the bottom drum and is independent 
of the setting. The entire boiler is enclosed in a steel casing, insulated 
with non-conducting material and lined with fire brick. The boiler 
is completely surrounded by the products of combustion. The steel 
encased setting prevents lowering the temperature of the products 
of combustion by air infiltration and reduces radiation losses. The 
upper part of the steam drum acts as a superheating surface and tends 
to dry the steam. Wickes boilers are simple in design, easy to inspect 
and clean, low in first cost, and comparable in efficiency with any water- 
tube type of boiler. 

69. The Bigelow-Homsby Boiler. — Fig. 55 shows a vertical section 
through a Bigelow-Hornsby boiler equipped with Foster superheater and 
Taylor stoker. This boiler is of the vertical water-tube type and is 
made up of a number of cylindrical elements, each element comprising 
an upper and lower drum connected by straight tubes. The two front 
elements are inclined over the furnace at an angle of about 68 degrees, 
and the two rear elements are vertical. The upper drums of the ele- 
ments are connected to a horizontal main steam drum by flexible tubing 
as indicated. Four elements constitute a section with an effective 
heating surface of 1250 square feet. Any number of sections may be 
connected together forming units of from 250 to 2500 boiler horsepower 
or more. All parts, both external and internal, are readily accessible. 
Feed water enters the top drum of the rear elements and passes twice 
the length of the tubes before entering into the general circulation. 
This arrangement permits a considerable portion of the impurities in 
the water to be precipitated in the rear drum from which they are 
readily discharged. By the time the water reaches the front of the 
boiler directly over the furnace, where the heat transmission is the most 
intense, the scale-forming element^ have been practically eliminatedt 
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The particular features of this boiler lie in the great extent of heating 
surface exposed to radiant heat and the height and volume of the com- 
bustion chamber. Bigelow boilers are productive of high economy 
and are readily forced to twice their rated capacity with little decrease 



Fig. 55. Bigelow-Hornsby Boiler and Setting. 


in over-all efladency. The most notable installation of Bigelow boilei’S 
in this country is at the power plant of the Hartford Electric Light & 
Power Company, Hartford, Conn., where two 1250- and one 2500-boiler- 
horsepower units are installed. 

70. Stirling Bofler. — Fig. 56 shows a longitudinal section through a 
Stirling water-tube boiler, which differs considerably from the types 
just described. Three horizontal steam drums and one horizontal mud 
drum are connected by a series of inclined tubes. The tubes arc bent 
at the ends to permit them to enter the drums radially. Short tubes 
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connect the steam spaces of all the upper drums and also the water 
spaces of the front and middle drums. Suitably disposed fire-tile 
bafSes between the banks of tubes direct the gases in their proper 
course. The boiler is supported on a structural steel framework in- 



Fig. 56. Stirling Boiler and Standard Hand-fired Setting. 


dependent of the setting. The feed water enters the rear upper drum, 
which is the cooler part of the boiler, and flows to the bottom or mud 
drum, where it is heated to such an extent that many of the impurities 
are precipitated. There is a rapid circulation up the front bank of 
tubes to the front drum, across to the middle drum, and thence down 
the middle bank of tubes to the mud drum. The interior of the drums 
is accessible for cleaning by manholes located in the ends. The Stirling 
furnace is distinctive in design. A fire-brick arch is sprung over the 
grates immediately in front of the first bank of tubes. The large tri- 
angular space between boiler front, tubes, and mud drum forms the 
combustion chamber. 
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Fig. 57 gives a sectional Yiew through the boiler and setting of a 
2365-horsepower Stirling boiler equipped vith Taylor stokers as in- 
stalled at the Delray station of the Detroit Edison Company. Five 
boilers are now in operation and it is planned to eventually install ten. 
Though rated at 2365 boiler horsepower they are capable of carrying 
continuously a load equivalent to 6000 kilowatts with a maximum of 
8000 kilowatts. The overall dimensions of the boiler and setting are 
shown in the illustration. Each unit contains 23,654 square feet of 
effective heating surface and is provided with superheaters for supplying 
steam at 150 degrees superheat. Table 33 gives a resume of the prin- 
cipal results obtained from tests of these units with Roney and Taylor 
stokers. The grate surface per boiler for the Roney stoker is 446 
square feet and for the Taylor stoker 405 square feet, thus giving as 
ratios of grate surface to heating surface 1 : 53 and 1 : 58.5 respectively. 
For a complete description of these tests see Jour. A.S.JM.E., Isov., 
1911, p. 1439. 

The largest boilers in this country (1917) are installed in the new 
Highland Park plant of the Ford Motor Company. Each unit contains 
25,000 sq. ft. of effective heating surface and furnishes 4000 boiler 
horsepower continuously. These boilers are of the Badenhausen type 
and are equipped with Taylor stokers (Power, Oct. 3, 1916, p. 474). 

71. Winslow High-pressure Boiler. — The standard ty^es of boiler de- 
scribed in the preceding paragraph are seldom designed for pressure 
exceeding 250 lb. per sq. in. A few installations have been made for 
working pressures as high as 350 lb. per sq. in., but it is doubtful if this 
pressure will be exceeded without considerable modification in basic 
design. The weak element lies in the drum since excessive thickness 
of material is necessary for pressures above the limit mentioned. For 
example, the 60-in. drums of the Babcock & Wilcox boilers for the 
Joliet plant of the Public Service Company of Northern Illinois are If 
in. thick. With the prospect of pressures ranging as high as 1000 lb. 
per sq. in, (see paragraph 179) engineers are interested in types of boilers 
which can be built commercially to withstand these high pressures. 
Fig. 58 shows a section through the setting and one element of a “Win- 
slow Safety High-pressure” boiler which may be designed to with- 
stand working pressures considerably in excess of 1000 lb. per sq. in. 
The assembled boiler consists of a number of sections, similar to the 
one illustrated in Fig. 58, forming a closely nested mass of tubes, each 
•section being connected to a common steam header, feed pipe and mud 
drum. Referring to the illustration: each section is composed of a 
“front section header” A and “rear section header” R, connected by 
a number of approximately horizontal tubes, C, all made of seamless 
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steel tubing. The lower tubes are inclined, the front ends being higher 
than the rear. This degi'ee of inclination gradually decreases in the 
upper tubes until the highest tube is practically horizontal. All tubes 
are slightly curved, the lower ones more than the upper. This preserves 



Fig. 58. Winslow “Safety High-pressure” Boiler and Hand-fired Setting. 

each tube in its original plane, even if it should expand considerably 
under heat. 

All joints between the tubes and section headers are welded. Extra 
material is added in the welding process and the joint is thus made 
stronger than the tube itself. 

Each section carries a baffle D, riveted in place, in contact with 
each side of the section, each baffle touching the one on the adjoining 
section, the outside ones being in contact with the wall of the enclosure. 
These several baffles form a complete baffle wall, which is in contact 
with the fire bridge E, confining the first and most intense action of 
the fire to the front part of the section. These baffles are either made 
of cast iron or of steel channels filled with plastic refractory material. 
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The baffles being in metallic contact with the tubes, their temperature 
can never greatly exceed that of the water or steam. 

All sections are supplied with water from a common feed pipe F 
closed at one end and canning the check valve and pump connection 
at the other. A branch tube leads to each section entering the rear 
section header somewhat above its low^er end. The joints at header 
and feed pipe are clearly shown. 

From the upper end of each rear section header a steel tube leads 
to the steam header G. This tube consists of two parts, one welded to 
the steam header and the other to the rear section header, connected 
by a special joint. To insure equal distribution of the flow of steam over 
the length of the steam header, the steam is taken through a large number 
of small holes, properly distributed, in a tube located inside the steam 
header and passing through one of its sealed ends. I 

The lower end of the rear section header is Connection to 
formed into a special joint, which is connected to 
the mud drum H. The opening into the mud 
di’um is as large as it is possible to make it and 
the passage is straight and without obstructions. 

Connected to the mud drum is the blow-off valve J, 
shown in dotted lines, Fig. 58. 

The three unions on each section at steam 
header, feed pipe and mud drum, are the only 
joints which are not welded, but these are all 
located in the last pass of the furnace gases and water 
are not subjected to high temperatures. They 
are easily accessible and are made with metal to 
metal contact, without ga’fekets or packing. 

At high pressures and temperatures the ordi- 
nary gauge glasses are not desirable. One of the 
best indicators for severe conditions is shown in 
section in Fig. 59. The water column is a steel 
tube, surrounded by a steel jacket, the space be- 
tween being filled with mercury, visible in a ver- Fig. 59. Water Level 
tical glass tube. That part of the mercury which Gauge — Winslow 
surrounds steam in the column absorbs much High-pressure Boiler, 

more heat than the part which surrounds water. The average tem- 
perature of the mercury and consequently its height in the glass tube 
is, therefore, a positive indication of the water level, being high for 
low water and low for high water. There is, of course, a certain 
lag in the indication on account of the time necessary to transfer 
the heat through the metal waU of the column, but this is negligible 
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on account of the wide range of water content which is permissible 
in the Winslow boiler without danger or improper influence on its 
operation. When superheated steam is produced a thermometer can 
be used as an additional indicator of the equivalent water level. 
This instrument is usually of the dial form, its bulb being inserted into 
the steam pipe at the flange connecting it to the steam collector. The 
dial, being connected to the bulb by a flexible tube, can be located at 
any point most convenient to the operator. A drop in temperature 
indicates a higher water level and vice versa. 

Circulation is as follows: When heat is applied to the boiler its 
first effect is to expand the water which is contained in that part of 
the section forward of the baffle, thereby reducing its specific gravity. 
Expansion causes the water column to rise in front and the heated water 
to flow toward the rear in the upper tubes. Reduced specific gravity 
in the front part causes a forward flow in the lower tubes. 

Each particle of water absorbs a certain amount of heat during cir- 
cuit through the set of tubes. When its temperature has reached 212 
deg. fahr. further absorption of heat causes the generation of steam, 
or, in other words, a sudden increase of volume and a consequent 
reduction of the specific gravity of the water. The immediate effect 
of this is to make the circulation more active. The rising column in 
the front section header then consists of a mixture of steam and water. 

The water drains back toward the rear section header through the 
upper circulation tubes, and the steam naturally tends to separate from 
the water at this point and to flow through the front header and the 
top tubes, toward the point of discharge. The returning water does not 
completely fill the upper tubes of the ^^zone of circulation and evapora- 
tion,^’ but it exposes a certain amount of surface, from which further 
separation takes place of such steam as is carried along with the water 
or as is generated within the return flow tubes. The foregoing will 
make it clear that the oflBce of the upper part of the circulating tubes, 
which have been designated as ‘^return flow tubes,” is to intercept 
the rising column of water and steam in the front section header, carry 
the water back by gravity, and prevent its entering the uppermost 
tubes. It should be noted that the inclination of these return flow 
tubes gradually decreases toward the top, as the amount of water they 
carry becomes less. 

The uppermost tubes practically contain steam only, and, being lo- 
cated in the flow of the hot gases, they effectively dry the steam. It is 
even possible, without any further provision, to superheat the steam 
somewhat in this “drying zone” before it is discharged from the section. 
If a higher degree of superheat is desired, the separate flue L, already 
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referred to and shown in Fig. 58 is pro\dded. It carries the desired 
amount of hot gases from the furnace, in front of the nest of tubes, 
directly over the top of the boiler, through the ‘^dr}dng zone/^ w^hich 
thereby becomes a ‘^superheating zone.^^ 

12 . Unit of Eraporation. — The performance of a boiler and furnace 
is commonly expressed in terms of the weight of w’ater evaporated per 
pound of fuel or of the w’eight evaporated per hour per square foot of 
heating surface. To reduce aU performances to an equal basis so as to 
facilitate comparison the evaporation under actual conditions is con- 
veniently referred to the equivalent evaporation from a feed water 
temperature of 212 deg. fahr. to steam at atmospheric pressure. The 
heat required to evaporate one pound of feed water at a temperature of 212 
deg. fahr. into saturated steam of the same temperatm'e, or from and at 
212 deg. fahr. as it is commonly called, is designated as one unit of evapo^ 
ration (U.E.). The 1915 A.S.M.E. Boiler Code stipulates the use of 
Mark’s and Davis’ value for the latent heat of steam at 212 deg. fahr. 
and defines the standard unit of evaporation as 970.4 B.t.u. G. A. 
Goodenough (Properties of Steam and Ammonia, 1915, John Wiley & 
Sons, Publishers) assigns a value of 971.7 to this quantity and intimates 
that the correct value may be even slightly greater. The ratio of the 
heat necessary to evaporate one pound of water under actual con- 
ditions of feed temperature and steam pressure and quality to the heat 
required to evaporate one pound from and at 212 deg. fahr. is called 
the factor of evaporation. Thus for dry saturated steam, using Mark’s 
and Davis’ value for the latent heat, 


in which 


^ X - g2* 
970.4 ’ 


(30) 


F = factor of evaporation, 

X = total heat of one pound of steam at observed pressure above 
32 deg. fahr., 

^2 = total heat of one pound of feed water above 32 deg. fahr. 

If the steam is wet, 

\ — xr q/ (31) 

in which 

X — the quality of the steam, 
r = latent heat of evaporation at observed pressure, 
q = heat in liquid at observed pressure. 

If the steam is superheated, 

X == r + g + Ctsi (32) 


* For most purposes qi may be taken at ^2 — 32, in which h = temperature of 
the feed water, deg. fahr. 
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in which 

C = the mean specific heat of the superheated steam, 

L = the degree of superheat, deg. fahr. 

73. Heat Transmission. — Fig. 60 shows a section through a boiler- 
heating plate and serves to illustrate the accepted theory of heat trans- 
niission. The outer surface of the plate is covered with a thin layer 


'jteySt 


OonTectlon j Boilee 
{■Water 



of soot and a film of gas^ and the 
inner surface is similarly protected 
by a layer of scale and a film of 
steam and water. It is, therefore, 
reasonable to assume that the dry 
surface of the plate is located some- 
where within the film of gas, and 
the wet surface within the film of 
water and steam. 

The heat is imparted to the dry 
surface by: (1) radiation from the 
hot fuel bed and furnace walls, and 
by (2) convection from the moving 
furnace gases. The heat is trans- 
ferred through the boiler plate and 
its coatings purely by conduction. 
The final transfer from the wet sur- 
face to the water is mainly by 
convection. 

Radiation depends on the tem- 
perature, and according to the law 
of Stefan and Boltzmann is approximately proportional to the difference 
between the fourth power of the absolute temperature of the fuel bed 
and furnace walls and the temperature of the dry surface of the heating 
plate. According to this law the heat transmitted by radiation in- 
creases rapidly with the increase in furnace temperature. In the or- 
dinary boiler and setting the surface exposed to radiation is only a 
small portion of the total heating surface, and, since in well-operated 
furnaces the temperature of the furnace cannot be increased materially 
on account of practical considerations, there is little hope of increas- 
ing the capacity of a boiler by increasing the furnace temperature. 
The extent of heating surface exposed to radiation, however, may bfe 
greatly increased. Many authorities are of the opinion that the boiler 
of the future will depend largely upon radiation. That thi^. predic- 
tion is being realized is evidenced by the high combustion efficiency 


A=?^ATerage Temperattire of Moving Gases. 
B-=^verage Temperature of Dry Surface. 
C= Average Temperature of W et Surface, 
D ^Temperature of Water m Boiler. 

Fig, 60. Heat Transmission through 
Boiler Plate. 
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and extremely high ratings effected by the modem duplex fnmace^ 
Figs. 57 and 103, in which a considerable portion of the boiler heating 
surface is exposed to direct radiation. 

The amount of heat imparted by convection from heated gases to 
cooler metal surfaces has been the subject of a great deal of investi- 
gation both from the experimental and theoretical side. Numerous 
attempts have been made to correlate the experimental data with the 
theoretical deductions but the results have been far from harmonious. 
This, however, has had little effect on the practical development of 
the boiler and it is quite probable that a more complete understanding 
of the phenomena will have no radical effect on the present design. 

The resistance of the metal itself is so small that it may be neglected 
in calculating the total heat transmission and it may be logically as- 
sumed that the plate will take care of all the heat that reaches its dry 
surface. 

The three distinct methods of heat transfer, radiation, convection 
and conduction, do not exist separately in the modern steam boiler 
but are operating at the same time. For this reason and in view of 
the number of arbitrary coefficients entering into the theoretical treat- 
ment of each method of heat transfer, engineers find it simpler to con- 
sider only the total heat transfer and to use empirical or semi-empirical 
equations. Thus, the total heat transfer, assuming no losses in the 
transmission, may be expressed 


in which 


SUd = WCjtm) 


(33) 


S = square feet of heating surface, 

U = mean coefficient of heat transfer, B.t.u. per sq. ft. per degree 
difference in temperature per hour, 
d = mean temperature difference between the heated gases and the 
metal surface, deg. fahr., 

W = weight of gases flowing, lb. per hour, 

Cp == average mean specific heat of the gases, 
tm = mean temperature drop of the gases between furnace and 
breeching, deg. fahr. 

In practice U varies from 30 or more in the first row of tubes of a 
water tube boiler directly over the incandescent fuel bed to 5 or less 
in the last row immediately adjacent to the uptake. 

Experiments conducted by Jordan and the Babcock & Wilcox Com- 
pany indicate that the value of U varies approximately as follows: 

U = K + B J,* (34) 


* Trans. Int. Eng. Congress, ^‘Mechanical Engineering, 1915, p. 366. 
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in which 

K = coefficient determined experimentally, 

B = a function of the dimension of air passage and mean tempera- 
ture difference of the gas and metal, 

A = average cross sectional area of the gas passages through the 
iDoiler. 

Other notations as in equation (33). 

For the standard type of Babcock & Whlcox water tube boiler, the 
Company’s investigators found the following modification of equation 
(34) to give satisfactoiy results for 100 to 150 per cent ratings. 

W 

U = 2,0 + 0.0014 -j- (35) 

The curves in Fig. 61 may be used as a guide in approximating the 
heat transfer in fire tube boilers. 

An examination of equation (34) shows that for a given set of con- 
ditions and within certain limits the rate of heat transfer varies directly 
with the w^eight of gases flowing per unit area of gas passage. This is 
not strictly true since the rate of heat transfer varies as some power of 
the weight less than unity. But within narrow limits it is sufficiently 
accurate to consider the exponent as unity. 

Experiments by Professor Nicholson * and the U. S. Geological 
Survey t show that by establishing a powerful scrubbing action between 
the gases and the boiler plate the protecting film of gas is torn off as 
rapidly as it is formed and new portions of the hot gases are brought 
into contact with the plate, thereby greatly increasing the rate of heat 
transmission. Similarly, the faster the circulation of the water the 
greater will be the scrubbing action tending to remove the bubbles 
of steam from the wet surface and the more rapid will be the transfer 
from the plate to the boiler water. 

Professor Nicholson found that by filling up the flue of a Cornish 
boiler with an internal water vessel, leaving an annular space of only 
1 inch aroxmd the latter, an evaporation eight times the ordinary rate 
was effected at a flow of gases 330 feet per second (8 to 10 times the 
average flow). The fan for creating the draft consumed about 4"| per 
cent of the total power. 

The conclusion is that the heating surface for a given evaporation 
at the present rating may be reduced as much as 90 per cent for the same 
output, with a corresponding reduction in the size, cost, and space 
requirements, or with a given heating surface of standard rating the 

* Proc. Inst, of Engr. <fe Shipbuilders, 1910. 
t Bui. 18, IJ. S. Bureau of Mines, 1912. 
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output may be enormously increased; also the increase in power 
iiecessaiy' to create the draft is by no means comparable with the ad- 
vantages gained. 

The modem locomotive boiler is the nearest approach to these con- 
ditions in practice. Here a powerful draft forces the heated gases 



Fig. 61. Heat Transfer in Boiler Flues. Results of Experiments by the 
Babcock & Wilcox Company. 

through small tubes at a very high velocity and an enormous evapo- 
ration is effected with a comparatively small heating surface. 

These principles have been applied to a limited extent to stationary 
boilers already installed by making the gas passages smaller as com- 
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pared to the length by means of suitable baffles (Fig- 53) and by fore- 
ing larger weight of gas through the boilerj either by forced draft or 
by increasing the grate area (Fig. 103). 

Ill a general sense when the capacity of a boiler is doubled or tripled 
the over-all efficiency of the whole steam-generating apparatus drops, 
but the advantage gained usually offsets the loss in fuel economy. 
In the modem central station equipped with mechanical stokers of the 
forced draft type the boilers are operated normally on a basis of 5 to 
6 sq, ft. of heating surface per boiler horsepower, and at peak loads 
3 sq. ft, per horsepower is not unusual. 

On the Transmission of Heat in Boilers, Hedrick & Fessenden, Jour. A.S.M.E., 
Aug. 1916, p. 619. 

Heat Transmission in Boilers, Kreisinger and Ray* Tech. Paper 114, U. S. Bureau 
of Mines, 1915; Power and Engr., June 29, 1909, p. 1144; Bulletin No. 18, U. S. 
Bureau of Mines, 1912, 

Some Notes on Heat Transmission and Efficiencies of Boilers, R. Royds, Trans. 
Inst, of Engr. & Shipbuilders in Scotland, Vol. 58, 1915. _ 

The Heat of Fuels and Furnace Efficiency: W. D. Ennis, Power and Engr., July 
14, 1908, p. 50. 

A Study in Heat Transmission: (The transmission of Heat to Water in Tubes as 
Affected by the Velocity of the Water), J. K. Clement and C. M. Garland, Univ. 
of 111. BuUetin No. 40, Sept. 27, 1909; Power Engr., Feb. 7, 1911, p. 222. 

Heat Transmission in Tubes, Dr. Wilhelm Nusselt: Zeit. d. ver. Deut. Ingr., 
1909, p. 750, 

On the Rate of Heat Transmission Between Fluids and Metal Surfaces, H. P. Jordan, 
Pro. Inst. Mec. Engrs., 1909. 

74. Heating Surface. — AU parts of the boiler shell, flues, or tubes 
which are covered by water and exposed to hot gases constitute the 
heating surface. Any surface having steam on one side and exposed 
to hot gases on the other is superheating surface. According to the 
recommendations of the American Society of Mechanical Engineers, 
the side next to the gases is to be used in measuring the extent of the 
heating surface. Thus measurements are made of the inside area of 
fire tubes and the outside area of water tubes. The heating surface in 
a boiler under average conditions of good practice is most efficient when 
the heated gases leave the uptake at a temperature of 75 to 150 deg. 
fahr. above that of the steam. Each square foot of heating surface is 
capable of transmitting a certain amount of heat, depending upon the 
conductivity of the material, the character of the surface, the temperature 
difference between the gases and the metal surface, the location and ar- 
rangement of the tubes and the density and the velocity of the gases. 

Thus one square foot of heating surface in the first pass of a water- 
tube boiler immediately over the incandescent mass of fuel may evapo- 
rate as high as 75 pounds of water per hour from and at 212 deg. fahr., 
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whereas the same extent of surface close to the breeching evaporates 
less than one pound per hour. Because of this extreme variation it is 
convenient to assume a uniform heat transmission for the entire surface 
which will give the same total evaporation as that actually obtained. 
For maximum economy under average conditions of hand fired operation 
this gives a mean evaporation of 3 to 3.5 pounds of water per square 
foot per hour from and at 212 deg. fahr., which is equivalent to allow- 
ing 10 to 12 square feet per boiler horsepow'er. By providing a large 
combustion chamber, increasing the extent of the first pass or the equiv- 
alent and by carrying a vmry thick bed of fuel a mean evaporation of 
10 pounds per square foot per hour has been maintained with high 
economy. This corresponds to 3.5 square feet of heating surface per 
boiler horsepower. 

The maximum evaporation is limited only by the amount of coal which 
can be burned upon the grate. For example, a mean evaporation as high 
as 23.3 pounds * per square foot per hour has been effected in locomotive 
work, under intense forced draft, and 20 pounds per square foot per 
hour is not unusual in torpedo boat practice. Such extreme, high 
rates of evaporation, however, are invariably obtained at the expense 
of fuel economy. In the very latest central stations the boiler and 
settings are proportioned to operate at 100 per cent above standard 
rating with high over-all efficiency and at 200 per cent above rating 
with only a small drop in efficiency, but such results are not obtain- 
able in the ordinary hand fired boiler and setting. 

Builders of return tubular and vertical fire-tube boilers allow from 11 
to 12 square feet of heating surface per horsepowe/; water-tube boilers 
are rated at 10 square feet per horsepower, and Scotch-marine boilers 
at 8 square feet per horsepower. 

See, also, paragraph 79, Effect of Capacity on Efficiency. 

The following table shows approximately the relation between boiler 
horsepower and heating surface for different rates of evaporation : 


EVAPORATION PROM AND AT 212 DEG- FAHR. PER SQUARE FOOT PER HOUR. 


2 

2 5 

3.0 

3.5 

4 

5 

6 

7 

8 

9 

10 

SQUARE FEET HEATING SURFACE REQUIRED PER HORSEPOWER. 

17.3 



13.8 

11.5 

9.8 

S.6 

6.8 

5.8 

4.9 

4.3 

3.8 

3.5 


Efficiency of Boiler Heating Surface: Trans. A.S.M.E., 18-328, 19-571. Kent, 
Steam Boiler Economy” (John Wiley & Sons), Chapter IX. 

The Nature of True Boiler Efficiency: Jonr. West. Soc. Engrs., Sept. 18, 1907. 
Heat Transference through Heating Surface: Engineering, 77-1. 

* Jour. A.S.M.E., Jan., 1915, p. 22. 
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75. The Horsepower of a Boiler.* — A boiler horsepower is equivalent 
to the evaporation of 34.5 pounds of water per hour from a temper- 
ature of 212 deg. fahr. to steam at atmospheric pressure. This corre- 
sponds to 33,479 B.t.u. per hour. Since the power from steam is 
developed in the engine and the boiler itself does no work, the above 
measure of capacity is merely conventional but unfortunately leads to 
much confusion. Thus one boiler horsepower will furnish sufficient 
steam to develop about four actual horsepower in the best compound 
condensing engine, but only one-half horsepower in a small non-con- 
densing engine. Boilers should be purchased on the basis of heating 
surface and not on the horsepower rating, since one bidder may offer 
a boiler with, say, 5 square feet of heating surface per horsepower and 
another with 10 square feet, both being capable of the required evapo- 
ration, but the one with the small heating surface (which will, of course, 
be the cheaper boiler) will have considerably less reserve capacity. 
Alanufacturers ordinarily rate their boilers on the basis of from 10 to 12 
square feet of heating surface per horsepower, and the power assigned 
is called the builder’s rating. As this practice is not uniform, bids 
and contracts should always specify the amount of heating surface 
to be furnished. According to the recommendations of the American 
Society of Mechanical Engineers, “A boiler rated at any stated capacity 
should develop that capacity when using the best coal ordinarily sold 
in the market where the boiler is located, when fired by an ordinary 
fireman, without forcing the fires, while exhibiting good economy. 
And, further, the boiler should develop at least one-third more than 
stated capacity when using the same fuel and operated by the same 
fireman, the full draft being employed and the fires being crowded; 
the available draft at the damper, unless otherwise understood, being 
not less than one-half-inch water column.” 

In determining the boiler horsepower required for a given engine 
horsepoY^er it is convenient to estimate the steam consumption of the 
engine under actual conditions and then ascertain the equivalent 
evaporation from and at 212 deg. fahr. For example, assume a simple 
non-condensing engine developing 20 horsepower to use 50 pounds of 
steam per horsepower hour, or 1000 pounds steam per hour; steam 
pressure, 80 pounds per square inch; feed-water temperature 120 deg. 
fahr. Required the boiler horsepower necessary to furnish this quantity 
of steam. 

*The unit ''myriawatf has been suggested by H. G. Stott as a unit of boiler 
capacity. For the conversion of myriawatts to other engineering units sec Appen- 
dix F. 
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From equation (30 jj the factor of evaporation is 

F =3 = 1185.3 - 87.91 ^ 

970.4 970.4 

One thousand |X)unds of steam under the given conditions are there- 
fore equivalent to 1000 X 1.131 = 1131 pounds from and at 212 deg. 
fahr. 

The boiler horsepower necessar}" to furnish steam for the 20-horse- 
power engine will be 

1131 

Boiler horsepower = = 32.8. 

o4 .5 

^xarnple 13. A 15j000-kilow^att steam turbine and auxiliaries require 
14.7 pounds of steam per kilow'att-hour at rated load; steam pressure, 
200 pounds per square-inch gauge; superheat, 150 deg. fahr.; feed- 
water temperature, 179 deg. fahr. 

Required the boiler horsepower necessary to furnish this quantity 
of steam. 

The heat furnished to the turbine and auxiliaries per kilowatt-hour is 

w(\ + Opts - gs) = 14.7 (1199.2 + 0.57 X 150 - 146.88) 

= 16,724 B.t.u., 

■D *1 V. 15,000 X 16,724 . 

Boiler horsepower = — ^ (approx.). 

If the boilers are to be operated at builder’s rating (10 sq. ft. of heating 
surface per boiler horsepower) 75,000 sq. ft. of heating surface would 
be necessary. In plants of this size, however, the boilers would in all 
probability be operated at 200 per cent rating or more when furnishing 
steam at fuU load requirements, and 37,500 sq. ft. of heating surface 
would suffice. Assuming 200 per cent, the ratio of installed horsepower 
(builder’s rating) to kilowatts of rated turbine capacity would be 1 to 4 
in this case. In large, modern central stations this ratio ranges between 
1 to 5 and 1 to 8 (reserve boilers not included). 

76. Grate Surface and Rate of Combustion. — The amount of fuel 
which can be burned per hour limits the amount of water evaporated 
per unit of time and depends upon the extent and nature of the grate 
surface, the character of the fuel and the draft. In locomotive and 
torpedo-boat practice space limitations necessitate the use of small 
grates and the rate of combustion is primarily a direct function of the 
draft. In stationary practice there is a wide permissible range in pro- 
portioning the grate surface, since a given rate of combustion may be 
effected with large grate surface and light draft or with small grate 
surface and strong draft. In a general sense the best results are obtained 
with a small grate and a high rate of combustion, but in the majority of 
installations the draft is comparatively feeble and a liberal grate area 
is necessary. So much depends upon the grade and size of the fuel 
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that general rules for proportioning the grate surface are apt to lead to 
serious error. A liberal allowance of grate surface is desirable for hand- 
fired furnaces with natural draft, particularly if the ash is easily fusible, 
tending to choke the grate, but with forced draft and automatic stokers 
the best results are obtained with a thick fii'e and small grate surface. 
The maximum grate area is limited by the dimensions of the furnace. 
In hand-fired furnaces with stationary grates the width of the furnace is 
limited by that of the boiler and the length by the distance which the 
fireman can control the fuel bed. Anthracite requires no shcing and a 
much greater length of grate can be manipulated than with the caking 
variety of coals. Shaking and seK-dumping grates may be of greater 
length than stationary grates since hand manipulation is largely dis- 
pensed with. The dimensions of mechanical stokers depend largely 
upon the type of stoking device. In practice the maximum rate of 
combustion, pounds per square foot of grate surface per hour, is usually 
assumed and the grate area and chimney height or equivalent propor- 
tioned to effect the desired rate of combustion. See Table 29. 

The ratio of grate area to heating surface is sometimes used as a 
guide in proportioning the grate but the extent of grate surface depends 
upon so many other factors that this method of procedure is of little 
value and apt to lead to serious error. Thus, a study of several hundred 
boiler installations gave results as follows: 


Type of Grate or Stoker. 

Kind of Coal. 

Ratio Grate Surface to Heating Surface. 

Minimum. 

Maximum. 

Hand-fired 

Anthracite 

1 to 30 

1 to 65 

Hand-fired 

Bitiuninous 

1 to40 

1 to 78 

Chain grate 

Bituminous 

1 to 36 

1 to 72 

Roney 

Bituminous 

1 to 30* 

1 to 55 

Taylor 

Bituminous 

1 to 50 

1 to 82 

Jones 

Bituminous 

1 to 55 

1 to 68 

1 


* Double Stoker. 


A number of boiler tests made by Barrus Boiler Tests ^0 showed 
that the best economy with anthracite coal, hand-fired, was obtained 
with an average ratio of grate surface to heating surface of 1 to 36, and 
at a rate of combustion of approxipaately 12 pounds of coal per square 
foot of grate surface per hour. In these tests a variation in grate and 
heating-surface ratio of 1 to 36 up to 1 to 46 gave practically no differ- 
ence in economy. With bituminous coal the tests showed that an 
average ratio of 1 to 45 gave the best results and at a rate of combustion 
of 24 pounds of coal per square foot of grate surface per hour. 
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Tests made by Christie (Trans. A.S.iI.E., 19-330) gave an average 
combustion of 13 pounds of anthracite per square foot of grate per hour 
for maximum efficiency and 24 pounds of bituminous. 

Table 32 gives the relation between heating and grate surface in a 
number of recent boiler installations using different kinds of coab and 
is illustrative of current practice. 

The rate of combustion depends upon the grade and size of coal^ 
thickness of fire^ percentage of air spaces in the grate, available draft 
through the fire and the efficiency of combustion, and can only be found 
accurately by experiment. For a general set of conditions the rate of 
combustion is primarily a function of the pressure difference between 
the ash pit and furnace, and is approximately as shown in Table 29. 


TABLE 29. 

MAXIMUM ECONOMICAL RATE OF COMBUSTION. 
Pounds of Coal per Sq. Ft. of Grate Surface per Hour. 


Force of Draft between Furnace and Ash Pit, 
Inches of Water. 


Kind of Coal. 



0.1 

0 15 

0 20 

0 25 

0 30 

0.35 

0.40 

0 45 

0 50 

Anthracite, No. 3 .... 

3 5 

5.0 

6 2 

7 2 

8.2 

9 0 

10 0 

11.0 

12 0 

Anthracite, No. 2 

5.5 

7.2 

9.0 

10.5 

11.8 

13.0 

14 2 

15.5 

16.5 

Anthracite, Pea 

8 0 

9.2 

11 5 

13.5 

15.0 

17 0 

18 5 

20.0 

21.5 

Semi-bituminous 

9 5 

13.0 

16.0 

19 0 

23.0 

25.0 

27.0 

30.0 

32.0 

Ky., Pa., and Tenn. bitum... 

10.0 

14.0 

18.0 

21.0 

24.0 

27.0 

30 0 

33.0 

36.0 

111., Ind., and Kan. bitum. . 

11 0 

15.0 

20 0 

24.0 

28.0 

32.0 

35.0 

38.0 

41.0 


With forced draft these rates of combustion may be greatly increased. 
Some idea of the extreme rate of combustion in modern locomotive 
practice may be obtained from the following figures which give the 
pounds of coal burned per hour per square foot of grate surface for 
various conditions of operation: 


Maximum rate 

.... 225 

Average rate 

80 

Very high rate 

.... 150 

Economical rate 

60 

Average high rate 

100 

Low rate 

.... 50 


In proportioning the grate surface for a proposed installation the 
principal factor considered is the character of the fuel, a study being 
made of the various fuels available, and the one selected which gives 
the highest evaporation per dollar (all items entering into the handling 
and combustion of the fuel being considered). This information may 
usually be obtained from records of plants using the same grade of fuel 
and grates similar to those intended for the proposed plant. 
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77. Boiler, Furnace and Grate Efficiency. — A perfect boiler and furnace 
is one which transmits to the water in the boiler the total heat of 
the fuel. Ill order to effect this result combustion must be complete^ 
there must be no radiation or leakage losses and the products of com- 
bustion must be discharged at the initial temperature of the fuel. No 
commercial form of steam boiler can fulfill these conditions, hence the 
amount of heat absorbed by the boiler wnll always be less than the calo- 


rific value of the fuel. 

The eflSciencies recommended b^^ the A.S.M.E., Rules for Conducting 
Boiler Tests, 1915, may be expressed as 


Heat absorbed by the boiler 

__ , per pound of coni as 

Efficiency of boiler, furnace and grate = Calorific value of one pound ’ 

of coal as fired 

Heat absorbed by the boiler per pound 


Efficiency based on combustible 


of combustible burned on the grate’ 


’Calorific value of one pound of 
combustible as fired 


,•(37) 


Example 14. Calculate the various boiler efficiencies from the fol- 


lowing data: 

DATA AS OBSERVED. 

Steam pressure, pounds per square inch (gauge) 1510 

Barometer, inches of mercury 28.5 

Temperature of feed water, deg. fahr 1618 

Temperature of the furnace, deg. fahr 2100 0 

Temperature of fiue gases, deg. fahr 480 . 0 

Temperature of boiler room, deg. fahr 60.0 

Quality of steam, per cent 98.0 

Water apparently evaporated, pounds per hour 86,000 

Coal as fired, pounds per hour 10,000 

Refuse removed from ash pit, pounds per hour .... 1600 


COAL ANALYSIS. PER CENT OF COAL AS FIRED., 


Moisture 8 

Ash 12 


B.t.u. per pound, 11,250. 


CALCULATED DATA. 

Water apparently evaporated per pound of coal as fired, pounds = 86,000 10,000 

= 8.60. 

Factor of evaporation t = [0.98 X 856.8 + 338.2 — (161.8 ~ 32)] 970.4 - 1.08. 

* The combustible burned on the grate is determined by subtracting from the 
weight of coal supplied to the boilers, the moisture in the coal, the weight of ash 
and imburned coal withdrawn from the furnace and ash pit and the weight of dust, 
3oot, and refuse, if any, withdrawn from the tubes, flues and combustion chambers, 
Deluding soot and ash carried away in the gases, 
t See footnote, par. 72. 
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Equivalent evaporation per pound of coal a? fired, pounds == 8.6 X l.OS = 9.2SS. 
Heat absorbed by the boiler per pound of coal as fired, B.t.u = 9.2S8 X 970.4 = 
9,013 0. 

Efficiency of boiler furnace and grate, per cent = (9.013 lL250i 100 = SO. 11. 
Refuse in ash referred to coal as fired, per cent = ilGOO -e- 10,000] 100 = 16.0. 
Combustible burned on the grate, per cent of coal as fired = 100 — (S -J- 16j = 76.0. 
Equivalent evaporation per pound of combustible burned, pounds = 9.28S -e 0.76 
= 12 . 221 . 

Heat absorbed per pound of combustible burned, B.t.u. = 12.221 X 970.4 = 11,860. 

Combustible as fired, per cent = 100 — ( 8 -4- 12j = SO.OO. 

Calorific value of the combustible as fired, B.t.u. = 11,250 -f- O.SO = 14,062. 
Efficiency based on cotnhiishble, per cent = ( 11,860 14,062) 100 = 84 34. 


For oil fuel furnaces and coal furnaces equipped with stokers and 
forced draft appliances the riet efficienc^^ of the boiler and furnace may 
be taken as the boiler and furnace efificiency minus the equivalent heat 
required to feed the fuel and to create the draft. 

Attempts have been made to separate the combined efl&ciency of 
boiler, furnace, and grate into two parts, viz., efficiency of the boiler 
alone and efl&ciency of the furnace and grate, but the results have been 
discordant and involve the use of factors which cannot be obtained with 
any degree of accuracy. Thus “true^^ boiler efficiency has been defined 
as the ratio of the heat absorbed to that available. The ^^heat ab- 
sorbed” is taken as the difference between the heat generated in the 
furnace and that discharged into the flue, and the “available” heat 
is defined as the difference between the heat generated in the furnace 
and that discharged by the products of combustion at the temper- 
ature of the saturated steam. 

If Wfj Wc = weight of the products of combustion in the furnace 
and passing through the uptake, respectively, lb. per 
hour 


Tf, Tcj Tsj T = absolute temperature of the furnace gases, flue gases, 
saturated steam and boiler room, respectively, deg.fahr. 
C/, Cc, Cs = mean specific heat of the products of combustion for 
temperature ranges t to tf, tc, is, respectively. 


Then, neglecting radiation and minor losses, the “true” boiler eflfi- 
ciency equals 

WfCfT f WcCcT c 


Ex = 


WfCf7 f WcCgTg 


(38) 


Assuming no leakage, Wf = Wc] and neglecting the difference in the 
mean specific heats, Cf = Cc — c®. With these assumptions, equation 
(38) reduces to 

J? — ^7 ~ 

Tf - Ts tf- tg 


( 39 ) 
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TABLE 30. 

RELATIOX BETW’EEN FUEL CONSUMPTION AND BOILER, FURNACE AND GRATE 

EFFICIENCY. 

fPounds of Fuel Burned per Boiler Horsepower-hour.) 

^ ,, , Boiler, Furnace and Grate Efficiency. 

Calorific V alue 


of Fuel, B t.u. 
per Pound. 

1 40 45 

50 

55 

60 

65 

70 

75 

80 

85 

7,500 

11.17 9.91 

8 94 

8 12 

7 45 

6 87 

6 37 

5 95 

5.58 

6.25 

8,000 

10 45 9.30 

8 37 

7 60 

6 97 

6.43 

5 98 

5 58 

5 22 

4 92 

8,500 

9.84 8.75 

7 87 

7.12 

6 56 

6 05 

5 62 

5 25 

4 97 

4 63 

9,000 

9.30 S .25 

7 45 

6.76 

6 20 

5 72 

5 31 

4 96 

4.65 

4.36 

9,500 

8.80 7.83 

7 05 

6 40 

5 87 

5.41 

5 02 

4 69 

4 40 

4,14 

10, OCX ) 

8.37 7.44 

6 70 

6.09 

5 58 

5 15 

4.79 

4 46 

4.18 

3.94 

10,500 

7.98 7.09 

6 39 

5 80 

5 86 

4.90 

4.56 

4 26 

3.99 

3 76 

11,000 

7.60 6.79 

6 09 

5 52 

5 06 

4.67 

4 34 

4 05 

3.80 

3.59 

11,500 

7.28 6.49 

5 83 

5.29 

4.85 

4.47 

4 16 

3.88 

3.64 

3 45 

12,000 

6 97 6.22 

5 58 

5 06 

4 65 

4 28 

3.99 

3 72 

3 48 

3 28 

12,500 

6.69 5.97 

5 35 

4 86 

4.46 

4.11 

3 82 

3 57 

3.34 

3 14 

13,000 

6.44 5.74 

0 15 

4.68 

4 29 

3 96 

3.68 

3 43 

3 22 

3 02 

13,500 

6.20 5.52 

4 96 

4 51 

4 18 

3.81 

3 54 

3 31 

3.10 

2 91 

14,000 

5.98 5.33 

4 79 

4 35 

3 99 

3 68 

3 42 

3 19 

2 99 

2 81 

14,500 

5.77 5.15 

4.62 

4 20 

3 84 

3 54 

3 30 

3.08 

2.88 

2.72 

15,000 

5.58 4.96 

4 47 

4 06 

3 72 

3 43 

3 19 

2.98 

2 79 

2.64 


TABLE 31. 

RELATION BETWEEN RATE OP EVAPORATION PER POUND OP FUEL AND 
BOILER, FURNACE AND GRATE EFFICIENCY. 


(Pounds of Water Evaporated per Hour from and at 212 deg. fahr. per Pound of Fuel. ) 


Calorific Value 
of Fuel, B.t.u. 

Boiler, Furnace and Grate Efficiency. 

per Pound. 

40 

45 

60 

55 

60 

65 

70 

75 

80 

85 

7,500 

3.09 

3.48 

3.86 

4.25 

4 64 

5 02 

5.41 

5.80 

6.18 

6.57 

8,000 

3.30 

3.71 

4.12 

4.55 

4.95 

5 36 

5 77 

6.18 

6 60 

7.01 

8,500 

3.51 

3.94 

4.38 

4 81 

5.26 

5.70 

6.14 

6.57 

7.01 

7,45 

9.000 

3.71 

4.18 

4.64 

5.10 

5 56 

6 04 

6.50 

6.96 

7.42 

7.90 

9,500 

3.92 

4.41 

4.90 

5.39 

5.88 

6.47 

6.86 

7.35 

7.85 

8.33 

10,000 

4.12 

4.64 

5.16 

5.66 

6.19 

6.70 

7.21 

7.74 

8,25 

8.76 

10,500 

4.31 

4.86 1 

5.40 

5.94 

6.48 

7.01 

7,55 

8.10 

8.64 

9.17 

11,000 

4.52 

5.09 

5.65 

6.22 

6 79 

7.35 

7.91 

8.48 

9.05 

9.61 

11,500 

4.74 

5.31 

5.91 

6 50 

7.10 

7.69 

8.28 

8,86 

9.45 

10.0 

12,000 

4.94 

5.55 

6.16 

6.78 

7.40 

8.01 

8.64 

9.25 

9.86 

10.5 

12,500 

5.14 

5.78 

6.42 

7.06 

7.70 

8.35 

9,00 

9.64 

10.3 

ILO 

13,000 

5.35 

6.01 

6.69 

7.35 

8 01 

8.69 

9.35 

10.0 

10.7 

11.4 

13,500 

5.56 

6.25 

6.95 

7.65 

8.34 

9.03 

9.72 

10.4 

11.1 

11.8 

14,000 

5.75 

6.48 

7.20 

7.91 

8.64 

9.35 

10.1 

10.8 

11.6 

12.2 

14,500 

5.96 

6.70 

7.45 

8 20 

8.95 

9.70 

10.5 

11.2 

12.0 

12.7 

15,000 

6.18 

6.95 

7.72 

8.50 

9.26 

10.1 

11.8 

11.6 

12.4 

13.1 
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The maximiim theoretical efficiency of the boiler or the efficiency 
of the ideal or perfect boiler, based on utilizing all the heat except the 
inherent losses, ma}' be expressed as 

77 H /.A 

£^2 = —^, ( 40 j 

in which 

H = calorific value of the coal as fired, 

I = inherent losses as analyzed in paragraph 36. 

The efficiency ratio or the extent to which the theoretical possibilities 
are realized may be taken as 

= (41) 

in which 


E = efficiency of the boiler, furnace and grate (A.S.M.E. code), 

E 2 = as in equation (40). 

The furnace and grate efficiency based on heat available may be ex- 
pressed 


^ H-{I + F) 
H-F ’ 


(42) 


in which F = furnace losses consisting of the (a) loss due to unburned 
fuel dropping through the grate or withdrawn from the furnace, (6) loss 
due to the production of CO, (c) loss due to escape of unburned hydro- 
carbons, (d) loss due to the combustion of carbon and moisture and 
production of hydrogen when fresh moist coal is thrown on a bed of 
white hot coke, (e) radiation due to the furnace and (/) unaccounted for 
losses due to the furnace. (For an analysis of these losses see para- 
graphs 25 to 36.) 

Equation (42) does not furnish a method of finding the true effi- 
ciency because it is impossible to determine loss (d) and impracticable 
to obtain loss (c) with the gas testing appliances ordinarily available. 
It is also impossible to separate losses (e) and (/) attributed to the fur- 
nace from the boiler losses alone due to radiation and unaccounted for. 

In practice the operating engineer is chiefly concerned with the com- 
bined efficiency of the boiler, furnace and grate, as defined by the 
A.S.M.E, Boiler Code. This factor is readily determined with the 
ordinary instruments found in the average modern plant. Table 32, 
compiled from a number of tests of different types of boilers with differ- 
ent kinds of stokers and grades of fuel, gives some idea of the range of 
efficiencies incident to general practice. In attempting to better the 
efficiency it is necessary to separate the various losses as described in 
paragraphs 25 to 35, since this procedure enables the engineer to lo- 
cate the source of loss, and by comparing the actual and inherent losses 



TABLE 32. 

EXAMPLES OF CURRENT STEAM BOILER PERFORMANCES. 
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Catalogue, Wilkes Boiler Co. 31. Jour. A.S.M.E., June, 1914, p. 220. 

For tabulated results of 51 boiler and underfeed stoker tests see Electrical World, Sept. 9, 1916, p. 619. 
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show where improvement may be effected. Although efficiencies of 
80 per cent or more have been realized in several instances without the 
use of economizerSj such performances cannot be expected for con- 
tinuous operation. In pumping stations or in plants where there are 
no peak loads and the boiler may be operated under a constant set of 
conditions a continuous efficiency of 75 per cent has been realized 
mth coal as fuel and 80 per cent with fuel oil, but these figures are ex- 
ceptional. In large central stations with the usual peak loads in the 
morning and evening and long banking periods, over-all yearly effi- 
ciency is seldom greater than 70 per cent, though the boilers may be 
giving 77 to 81 per cent efficiency when operating at the most economical 
load. In large isolated stations with variable loads an over-all boiler 
and furnace efficiency on the yearly basis of 65 per cent is exceptional 
and a fair average is not far from 60 per cent. Small stations that 
show’ at times an efficiency as high as 75 per cent seldom average 50 

TABLE 33. 

PRINCIPAL DATA AND RESULTS OF TESTS ON 2365-RATED-HORSEPOWER STIRLING 
BOILERS AT THE DELRAY STATION OF THE DETROIT EDISON COMPANY. 


Tests with Roney Stoker. R4su2n6 of Principal Results. 


No. of 
Test. 

Length, 

Hr. 

Per Cent 
Rating. 

B.t.u. in 
Coal. 

Per Cent 
Ash in 
Dry Coal. 

Efficiency. 

Per Cent 
Steam used 
by Stoker 
Engines 
and Steam 
Jets. 

Per Cent 
Combusti- 
ble m Ash. 

Temp, of 
Flue Gases 
Leaving 
Boiler, 
Deg. Fahr. 

1 

25 

105 0 

14,362 

5 98 

77 84 


19 6 

676 

2 i 

24 

80 0 

14,225 

6.52 

79 88 


17.9 

480 

3 

24 

113 8 

14,308 

7 40 

77 45 

‘ 0*63 * 

24.4 

542 

4 

30 

152 4 

13,756 

6.54 

75 78 

1 58 

30 8 

670 

5 

24 

94 0 

13,896 

6 89 

81 15 

1 75 

31 6 

483 

6 

24 

150.7 

14,037 

6 13 

75 28 

1 45 

26 7 

662 

16 

32 

98 6 

14,476 

9.68 

80 98 

1 34 

34.1 

460 

17 

16 5 

193.3 

14,493 

8 24 

76 73 

1 39 

24.6 

636 

18 

24 

195 7 

13,689 

9.81 

75.57 

1 32 

23 2 

694 

2-4t 

90 

119 8 

14,098 

6 81 

76 13 


25.8 

672 

5-6t 

55 

127 3 

13,977 

6 84 

76 23 


29.4 

575 


t Including periods between tests. 


Tests with Taylor Stoker. R48um6 of Principal Results. 


No. of 
Test. 

Length, 

Hr. 

Per Cent 
Rating. 

B.t.u. in 
Coal. 

Per Cent 
Ash in 
Dry Coal. 

Efficiency. 

Per Cent 
Steam used 
by Stoker 
Auxiliaries.* 

Per Cent 
Combusti- 
ble in Ash. 

Temp, of 
Flue Gases 
Leaving 
Boiler, 
Deg. Fahr. 

7 

24 

151.2 

14,000 

7.03 

77 07 

2.61 

31.5 

675 

8 

24 

107 9 

13,965 

6 34 

80 28 

2 44 

27 1 

493 

9 

60 

162 8 

13,998 

6.75 

77.85 

2 87 

31.3 

574 

10 

48 

92 9 

14,188 

9.90 

77 90 

2 63 

27.2 

487 

11 

26 5 

211 3 

14,061 

9.55 

75 84 

3.41 

36.1 

651 

12 

48 

121 3 

14,010 

8.09 

79.24 

2.57 

27.6 

535 

14 

24 

185.2 

14,272 

8.71 

76 42 

2 95 

28 8 

647 

15t 

24 

123.1 

14,213 

8 34 

74.90 

2 77 

30.1 

561 

7-9t 

109 

140 0 

13,983 

7.22 

77 66 

2 68 

29.9 

545 

10-llt 

80.5 

132.8 

14,095 

9 58 

75.68 

3.04 

31.1 

642 


* Engines driving stokers and steam-turbine driving fan. 


t In test No. 15 the fires were banked for hours and the averages molude this period, 
t Including periods between tests. 
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per cent to the ^'ear. These figures refer to boiler installations ii^ithout 
economizers. For influence of the latter on boiler, furnace and grate 
eflBciency see Paragraph 285. In general the over-all efficiency is 
dependent primarily on the load factor. The greater the load factor 
the smaller will be the standby losses (see Paragraph 35) and the nearer 
will the over-all efficiency approach test results. The usual discrepancy 
between efficiency as determined by special tests and average operation 
is due to the fact that the efficiency test is usually conducted under 
ideal conditions. The boiler surfaces are cleaned, the rate of combustion 
carefully adjusted to maximum economy and special attention given the 

TABLE 34.* 

PRINCIPAL DATA AND RESULTS OF TESTS ON BOILER NO. 6, UNIT NO. 10, 
FISK ST. STATION. COMMONWEALTH EDISON CO., CHICAGO. 

(B. & W. Boiler, “ Standard ” Setting.) 

Water-heating Surface, 5000 Sq. Ft. Superheating Surface, 914 Sq. Ft. 

Chain Grate Surface, 90 Sq. Ft. 


Test 

No 

Date, 

1908. 

Horse- 

power. 

Efficiency, 
Per Cent. 

Horse- 
power per 
Sq. Ft. 
Grate. 

Heat 
Lost in 
Refuse, 
Per Cent. 

Total 
Heating 
Surface 
per Horse- 
power. 

Super- 
heat of 
Steam, 
Deg. Fahr. 

Dry Coal 
per Sq. Ft. 

G. S. 
per Hour. 

2 

Mar. 9 

873 

67 4 

9 70 

2.8 

6.76 

197 

41.2 

4 

“ 10 

873 

69.0 

9.52 

2 8 

6.89 

195 

39.1 

6 

11 

852 

67.3 

9.47 

2.8 

6 93 

189 

38 9 

8 

16 

836 

65.3 

9.29 

6.4 

7.06 

174 

39.5 

10 

“ 17 

870 

68 8 

9.67 

5 0 

6.78 

180 

39.3 

14 

“ 19 

920 

66 2 

10.22 

9.2 

6 42 

187 

43.7 

16 

“ 23 

900 

69.5 

10.00 

4.0 

6.56 

181 

40.5 

18 

“ 24 

916 

69.1 

10-18 

5 5 

6 44 

190 

41.6 

20 

“ 26 

912 

69.2 

10.13 

4.4 

I 6 48 

179 

41.2 

22 

“ 27 

906 

67.7 

10 07 

4.1 

6.52 

194 

42.5 

24 

“ 30 

925 

69.8 

10.28 

2.8 

6.38 

179 

41.6 

26 

“ 31 

894 

69.4 

9.93 

5 2 

6.60 

' 170 

40.6 

28 

Apr. 1 

922 

71.2 

10.24 

3.6 

6.40 

169 

40.4 

30 

“ 2 

923 

71.5 

10.26 

4 6 

6 40 

173 

I 40.5 

32 

“ .7 

914 

70 0 

10 20 

4.5 

6 46 

175 

^ 40.9 

34 

‘‘ 8 

939 

73.8 

10.4 

3 8 

6 28 

181 

1 40.4 

36 

“ 10 

911 

70.9 

10 1 

3.0 

6.48 

185 

40.2 

38 

“ 11 

967 

70 1 

10.7 

3 0 

6.11 

192 

42.6 

40 

“ 13 

995 

67.8 

11.1 

3.4 

5-93 

211 

43-6 

42 

14 

887 

66 8 

9 9 

4.5 

6.65 

202 

40.8 

44 

27 

880 

69.5 

9 8 

5 5 

6.72 

169 

39.7 

48 

“ 29 

927 

71.5 

10.3 

3 3 

6 37 

171 

40.8 

50 

30 

899 

70.3 

10.0 

4 2 

1 6.57 

171 

39.6 

52 

May 6 

886 

69.4 

9 8 

5 3 

6.67 

171 

38.2 

54 

“ 7 

900 

69 1 

10.0 

4 8 

6.56 

171 

39.2 

56 

8 

967 

71.9 

10 7 

4.8 

6.10 

164 

40.1 

58 

.. 11 

902 

70.5 

10.0 

3.3 

6.55 

163 

39.6 

60 I 

13 

875 

70.7 

9.7 

3.8 

6.74 

147 

38.3 

64 

14 

1102 

72.0 ! 

12.2 

4.8 

5.35 

180 

43.2 


* This unit is still (1916) in operation and while the haffing has been changed the results are approxi- 
mately the same as given in the table. 
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TABLE 34. (Continued.) 

PKIXCIP.iL DAT.A. AXD RESULTS OF TESTS O.N' BOILER NO. 6, UNIT NO. 10, 

FISK ST. STATION COMMONWEALTH EDISON CO., CHICAGO. 

{B. & W. Boiler, “ Standard ” Setting.) 

Water-lieating Surface, 5000 Sq Ft Superheating Surface, 914 Sq. Ft. 
Chain Grate Surface, 90 Sq. Ft. 


Draft 

1 B.t.u. per 
Pound 
; Drv’ Coal. 

1 

Ash in 
Drj' Coal, 
Per Cent. 

Ash in 
Refuse, 
Per Cent. 

Uptake 
Temp. 
Deg Fahr. 

CO 2 , 

Per Cent. 

Heat Lost 
up Stack 
(Dry Gas), 
Per Cent. 

Over Fire. 

' In Uptake. 

0 87 

1.34 

: 11,634 

18 46 

82 33 

466 

6 9 


0 78 

1 1.25 

11,759 

16 81 

81 36 

461 

6 7 


0 S3 

1.25 

, 12,039 

16 08 

80 03 

463 

7 7 

IS 6 

0 94 

; 1.34 

11,993 

15 91 

67 42 

477 

7 6 

16 8 

0 84 

1.24 

I 11,909 

15 71 

71 32 

475 

7 9 

16 2 

0 99 

; 1.41 

^ 11,768 

16 04 

63 78 

479 

8 5 

15 4 

0 77 

; 1.17 

11,846 

16 68 

79 04 

483 

9.1 

14 0 

0 81 

1 1.25 

11,800 

16 39 

71 98 

484 

8 3 

15 8 

0 77 

1.21 

11,846 

15 51 

78.53 

486 

9 0 

14 5 

0 78 

! 1 22 

11,659 

17 59 

80 58 

494 

9 2 

14 6 

0 68 

' 1.28 

11,800 

16 22 

82 97 

487 

8 8 

15 1 

0 70 

; 1 24 

11,752 

16 18 

76 84 

484 

8 8 

15 1 

0 62 

1.21 

11,862 

15 38 

82 99 

480 

9 2 

14 1 

0 58 

1 40 

11,800 

16 02 

78 37 

480 

9 1 

14.4 

0 73 

1 24 

11,815 

16 84 

77 84 

494 

9 0 

14 7 

0 72 

1 25 

11,659 

18 06 

82 27 

504 

8 9 

15 3 

0.65 

1.13 

11,831 

17 15 

86 92 

493 

9 7 

13.4 

0 70 

1.24 

12,002 

16 05 

84 39 

502 

9.0 

15.1 

0 71 

1.23 

12,469 

14 87 

82 14 

522 

9.7 

13 3 

0 63 

1.09 

12,049 

15.17 

78 12 

500 

9 5 

13 3 

0.71 

1.26 “ 

11,801 

15.75 

77.21 

470 

8 3 

15.7 

0 68 

1.23 

11,769 

18.59 

84 04 

472 

8 7 

14 2 

0 66 

1.27 

11,955 

16.11 

79 30 

473 

7.9 

16.1 

0 62 

1.20 

12,360 

13.63 

74.59 

476 

8 8 

14 5 

0 66 

1.31 

12,298 

13 62 

75 19 

480 

9.0 

14.4 

0 66 

1.29 

12,423 

13.37 

75 61 

474 

9.4 

13.3 

0.92 

1.18 

11,956 

17 45 

83 24 

451 

9 2 

12.5 

0.76 

0.98 

11,971 

17.45 

80 99 

443 

10 0 

n.2 

0.68 

1.15 

13,126 

10.24 

70.90 

487 

10.4 

12.1 


firing, whereas, in most plants these refinements are seldom attempted. 
In our strictly modern boiler plants, refinement of design and a syste- 
matic supervision of operation have resulted in over-all efficiencies far 
above anything hitherto thought possible. 

The boiler, furnace and grate efficiency is only one of the many 
factors entering into the economical operation of the boiler plant. 
Different fuels may give the same efficiency under actual operating 
conditions, but the ultimate economy in dollars and cents may vary 
considerably. The real criterion is the net cost of evaporation, taking 
into consideration the cost of handling the fuel, disposition of refuse, 
ability to handle peak loads and depreciation of grate and setting. 
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The common practice of comparing the performance of boilers on the 
“fuel cost to evaporate 1000 pounds of water/’ is apt to lead to erro- 
neous conclusions; thus, the cost of evaporating 1000 pounds of water 
from and at 212 deg. fahr., per pound of cheap bituminous screenings^ 
may be 12 cents as against 18 cents per pound of high-grade and more 
costly washed coal, but the freight charges, cost of handling the fuel 
and disposition of the ash may more than offset the gain in evaporation 
and the cheaper fuel may prove to be the more expensive in the end. 
Each installation is a problem in itself and all local influencing con- 
ditions must be considered before maximum economy can be effected. 
In general, for plants equipped vnth coal and ash handling machiner}- 
and adjacent to a railroad or to water transportation, the cheaper the 
fuel per pound of combustible the lower will be the ultimate cost of 
evaporation. 

Report of the Power Test Committee, A.S.M.E. Boiler Code, 1915, Jour. A.S.M.E., 
Vol. 37, 1915, p. 1273. This report may be had in pamphlet form. See also Ap- 
pendix A. 

78. Boiler Capacity. — Boilers are ordinarily rated on a commercial 
basis of 10 square feet of heating surface per horsepower. This rating 
is absolutely arbitrary and implies nothing as to the limiting amount of 
water that this amount of heating surface will evaporate. It has long 
been known that the evaporative capacity of a well-designed boiler is 
linoited only by the amount of fuel that can be burned on the grate. 
Thus in locomotive practice a boiler horsepower has been developed with 
two square feet of heating surface and in torpedo boat practice this 
figure has been reduced to 1.8 square feet. If there were no practical 
limitations to capacity few, if any, boilers would be operated at the 
rated load and the amount of heating surface for a given evaporation 
would be only a fraction of the present requirements. Briefly stated 
the limitations are: 

1. Efficiency. — As the capacity increases beyond a certain limit 
the over-all efllciency drops off and a point is reached where further 
increase in capacity is obtained at a cost greater than that of additional 
heating surface. 

2. Orate Surface. — All fuels have a maximum rate of combustion 
beyond which satisfactory results cannot be obtained. With this 
limit established the only method of obtaining added capacity is through 
the addition of grate surface. Since the grate surface for a given boiler 
is limited by the impracticability of operating economically above a 
certain size there is obviously a commercial limit to the maximum 
weight of fuel burned per unit of time. 
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3. Draft — In order to effect a hea\T rate of combustion a great 
increase in draft is necessary^ Apart from the power required to pro- 
duce the draft there is the loss of fuel carried away in the cinders. 

4. At hea'^ty" rates of driving the funiace and stoker upkeep may 
become excessive. 

5. Feed Water, — Fox continuous high boiler overloads the feed 
water must be practically free from scale-forming elements and matter 
which tends to cause foaming and priming. 


TABLE 35. 

RELATION BETWEEN CAPACITY AND EFFICIENCY. 
(Evaporation from and at 212 Deg. Falir. per Square Foot of Heating Surface per Hour.) 


2 

2 5 

3 

3 5 

4 

5 

6 

8 

10 

12 

Probable Relative Economy, Ordinary Installation. 

100 

100 

100 

95 

90 


80 

70 

60 

50 


Probable Relative Economy, Latest Improved Installation. 

95 

98 

100 

100 

100 

99 

98 

95 

90 

85 


TABLE 36. 

FLUE GAS TEMPERATURES CORRESPONDING TO FORCED CAPACITY OF BOILERS 
IN MODERN POWER PLANT INSTALLATIONS. 


Plant. 

Type of Boiler. 

Rated 
Horse- 
power per 
Unit. 

Heat Sur- 
face per 
Horsepower 
Developed, j 

Flue 

Tempera- 

ture. 

Builders’ 
Rating, 
Per Cent. 

Buffalo General Electric. . 

B. & W. 

1140 

2.86 

705 

360 

Cambridge Steel Co. . 

B. & W. 

400 

5.14 

485 

194 

Commonwealth Edison Co. . 
Consolidated Gas, Balti- 

B. & W. 

650 

4 97 

588 

201 

more 

Edgemoor 

736 I 

4 52 

551 

211 

University of Illinois 

Locomotive 

328* 

2.07 

703 

486 

Detroit Edison Co 

Stirling 

2365 

4.75 

651 

211 

Everett Mills 

Interborough Rapid Tran- 

Manning 

130 

6.00 

599 

150 

sit Co., 74th St. Station . 
ISTarragansett Electric 

B. & W. 

1 520 

3.00 

; 631 

335 

Lighting Co 

B. &W. 

i 440 

5.50 

544.2 

1 180 

National Museum 

N. Y. Central R.R., West 

Geary, W. T. 

182 

6.40 

1 

430 

155 

1 

Albany. 

Edgemoor 

' 600 

5.28 

543 

i 193 

N. Y. Central & H. R. R. R. 

Ret. Tub. 

i 100 

1 4.40 

630 

273 

N. Y. Edison Waterside 

B. & W. 

650 

5.48 

550 

179 

Old Colony St. Ry 

B.&W. 

687 

' 5.25 

599 

190 

Union Gas & Electric Co. . . 

Stirling 

542 

1 4.43 

1 

622 

227 


* Assuming 10 sq. ft. of beating surface per rated horsepower. 
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6. External Surfaces. Soot is such an excellent non-conductor of 
heat that pro\dsioii must be made for its removal at frequent intervals, 
and particularly so if the boiler is expected to operate efficient 1}" at 
hea\y loads. 

These factors are treated in detail elsewhere under their respective 
headings. 

79. Effect of Capacity on Efficiency. — Tests show that if the fur- 
nace conditions are kept constant regardless of load, the efficiency of 
the boiler alone will decrease with increasing loads. But the furnace 
and grate efficienc}” increases with the capacity up to a certain point, 



Fig. 62. Relation between Efficiency and Capacity. 



Fig. 63. Relation between Efficiency and Capacity. 
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beyond wMch it remains constant or gradually drops off. For a certain 
portion of the load this increase in furnace efficiency may be at a greater 
rate than the decrease in boiler efiiciency. Consequently the maximum 
combined efficiency may occur at a point either side of the rated ca- 
pacity or remain constant over a considerable range of ratings. In 



Per cent Boiler Hating 

Fig 64. Relation between Efficiency and Capacity. 

general the combined efficiency of boiler, furnace and grate increases 
wdth the capacity until a maximum is reached, from which point it 
drops off steadily with each increment of increase in load. This point 
of TnaYimnm efficiency varies with the type and size of boiler, kind of 
grate, design of furnace, character of fuel and conditions of operation. 



H.P. per Sq.m. G.S. 

Fig. 65. Relation between Efficiency and Capacity. (Riley Stokers.) 
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and may range from a fraction to 200 per cent or more of the rating. 
With stokers of the underfeed type, other things being equal, the highest 
efficiency is obtained from the greatest number of retorts and the great- 
est effect on the over-all efficiency is the rate of driving per retort. 



Water Evaporated per sq,.ft. of Heating 
Surface from and at 212‘*J’alirenlieit 

Fig. 66. Relation between Efficiency and Evaporation — Oil Fuel. 

The curves in Figs. 62 to 67 are based upon authentic tests and give 
some idea of the effect of capacity on efficiency in specific cases. There 
are plants throughout the country in which boilers are developing, 
during periods of peak load, capacities of 400 per cent of the rating and 
500 per cent has been realized in torpedo boat practice, but such loads 
cannot be maintained continuously with any degree of ultimate economy. 



Boiler Horse power 

Fig. 67. Relation between Efficiency and Capacity — Oil Fuel. 

It is a question if there are thirty plants throughout the country oper- 
ating continuously day in and day out at 175 per cent rating. Widely 
varying loads are carried today in ordinary plant operation with over-all 
efficiencies higher than those formerly secured from constant loads and 
test conditions. 

Oil fired boilers cannot be forced to any great extent economically 
because the heat is localized and intense and severe on the boiler. This 
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is due primarily to the fact that oil involves surface combustion while 
coal involves a volume combustion. Increase in furnace volume will 
give increased over-all efficiency at overload but the efficiency will fall 
off at normal loads. 

For influence of draft on capacity see Figs. 150 and 151. 

80. Economical Loads. — The economical rating at which a boiler 
plant should be run depends primarily upon the load to be carried by 
that individual plant and the nature of such load. The most eco- 
nomical load from a commercial standpoint is not necessarily the 
most efficient load thermally, since first cost, cost of upkeep, labor, 
cost of fuel, capacity, and the like must all be considered along with 
the thermal efficiency. The controlling factor in the cost of the plant, 
that is the number of boiler units that must be installed, regardless of 
the nature of the load is the capacity to carry the maximum peak loads. 
Wliile each individual set of plant operating conditions must be con- 
sidered by itself the following statements * give some idea of general 
practice: 

'^For a constant 24-hour load, the operating capacity, to give the 
highest over-all plant economy, is between 125 and 150 per cent of the 
boiler’s normal rating. 

For the more or less constant 10- or 12-hour a day load, where the 
boilers are placed on bank at night, the point of maximum economy 
will be somewhat higher, probably between 150 and 175 per cent of 
the boiler’s rated capacity. 

The third class of load is the variable 24-hour load found in central 
station work. 

Modem methods of handling loads of this description, to give the 
best operating results under different conditions of installation, are as 
follows: 

1. The load on the plant at any time is carried by the minimum 
number of boilers that will supply the power necessary, operating these 
boilers at capacities of 150 to 200 per cent or more of their normal 
rating. Such boilers as are in service are operated continuously at 
these capacities, the variation in load being cared for by varying the 
number of boilers on the line, starting up boilers from a banked condition 
during peak load periods and banking them after such periods. This is, 
perhaps, at present the most general method of central station operation. 

2. The variation in the load on the plant is handled by varying 
the capacities at which a given number of boilers are run. At low 
plant loads the boilers are operated somewhat below their normal 

*“Th.e Boiler of 1915,” A. D. Pratt, Trans. International Eng. Congress, 1915. 
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rating, and during peak loads, at their maximum capacity. The 
ability of the modern boiler to operate over vide ranges of capacities 
without appreciable loss in efficiency has made such a method prac- 
ticable. 

3. The third method of handling the modern central station load is, 
perhaps, only practicable in large stations or groups of inter-connected 
stations. Under this method, the plant is ditided into two parts. 
What may be considered the constant load of the system is carried by 
one portion of the plant, operating at its point of maximum economy. 
Due to the possibility of very high over-all efficiencies at high boiler 
capacities where the load is constant, where the grate and combustion 
chamber are designed for a point of maximum economy at such capac- 
ities, and where there are installed economizers and such apparatus as 
will tend to increase the efficiency, the capacity at which this portion 
of the plant is today operated will be considerably above the 150 per 
cent given as the point of highest economy for the steady 24-hour load 
for boilers without economizers. 

The variable portion of the load on a plant so operated is carried by 
the second division of the plant under either of the methods of operation 
just given. 

Standardization of Boiler Operating Conditions: Jour. A.S.M.E., Dec., 1916, p. 29. 

Operation of Large Boilers: Trans. A.S.M.E., Vol. 35, 1913, p. 313. 

81 . Influence of Initial Temperature on Efficiency. — In general the 
higher the initial temperature of the furnace the greater will be the 
efficiency of the healing surf ace j since the heat transmitted increases 
with the difference of temperature between the water and the products 
of combustion. If the heating surface is properly distributed so that 
the final temperature of the escaping gas remains constant, the effi- 
ciency of the boiler and furnace will increase as the initial temperature 
increases, though not in direct proportion. This is on the assumption 
that the amount of heat generated per hour is the same throughout 
all ranges in temperatures. With a condition where the amount of 
heat generated remains constant and the initial temperature varies, 
the final temperature of the escaping gases remains practically constant, 
and in such cases high initial temperatures are productive of high 
boiler and furnace efficiencies. In practice these conditions are seldom 
realized and high furnace temperatures are not necessarily productive 
of high boiler and furnace efficiencies. Some tests show a decided 
gain in efficiency wdth the higher furnace temperatures (^‘Some Perform- 
ances of Boilers and Chain-grate Stokers, with Suggestions for Improve- 
ments,^^ A. Bement, Jour. West. Soc. Engrs., February, 1904), and 
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others show little if any improvement (‘XA Re\iew of the United States 
Geological Survey Fuel Tests under Steam Boilers, L. P. Breckenridge 
Jour. T?es. Soc. Engrs., June 1907). The majority of high efficienc} 
records, however, are associated with high furnace temperatures since 
the latter are realized only by minimum air excess and efficient conn 
bustion. 

82. Thickness of Fire. —For a given boiler equipment, quality and size 
of fuel and intensity of draft, a certain depth of fuel will give maxi- 
mum efficiency. Too thin a &*e results in an excess of air and too 



Fig. 68. Effect of Thickness of Fire on the Capacity and Efficiency of a 350-Horsc- 
power Stirling Boiler, Equipped with Chain Grate. 

thick a &e in a deficiency, the economy being lowered in either case. 
On account of the number of conditions upon which the proper thick- 
ness depends, it can only be determined for a particular case by actual 
test, the available data being insufficient for drawing conclusions. 



Fig. 69. Relation between Thickness of Eire and Efficiency of Boiler Furnace and 
Grate; 512 Horsepower B, & W. Boiler and Chain Grate. 
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The curves in Fig. 68 are plotted from a series of tests made on a 350- 
horsepower Stirhng boiler equipped with chain grate at the power 
plant of the Aimiour Institute of Technolog}'. The damper was left 
wide open throughout the test and the speed of the grate kept con- 
stant. Ratio of grate to heating surface, 1 to 42. Carteiwille w'ashed 
coal Xo. 4 -was used in all tests. The curves in Fig. 69 refer to the 
perfonnance of a 5124iorsepow'er Babcock & Wilcox boiler equipped 
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Fig. 70. Effect of Thickness of Fire on the Capacity and Efficiency of a 500-Horse- 
power Babcock & Wilcox Boiler. 

with chain grate and located at the power plant of the University of 
Illinois, Urbana, Illinois. The curves in Fig. 70 are plotted from a 
series of tests on a 500-horsepower Babcock & Wilcox boiler equipped 
with chain grate at the Fisk Street station of the Commonwealth 
Edison Company, Chicago, TU. In these tests the conditions of oper- 
ation are not exactly comparable, but they serve to show the variation 
of economy with thickness of fire in each case. In general, with natu- 
ral draft, fine sizes of coal necessitate thin fires, since they pack so 
closely as to greatly restrict the draft. Thin fixes require closer at- 
tention to prevent holes being burned in spots, and respond less readily 
to sudden demands for steam, but have the advantage of letting the 



Tliickiiess of iVe in Inches 
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air required pass through the grate, whereas thick fires often require 
air to be supplied above the grate to insure complete combustion. 
Thick fires require less attention and hence are preferred by firemen. 
Where sufiicient draft is available thick fires are more efficient than 
thin ones, as the air excess is more readily controlled. 


TABLE 37. 

TEMPERATURE DROP OF GASES THROUGHOUT BOILER. 


(650 Hp. B. & W. Boiler, Waterside Station of N. Y. Edison Co.) 


Per Cent 
of 

Rating. 

Boiler 
and Grate 
Efficiency. 

Temperatures, Degrees Fahr. 

Furnace 

Temper- 

ature. 

Middle 

First 

Pass. 

Top 

First 

Pass. 

Top 

Second 

Pass. 

Middle 

Second 

Pass. 

Middle 

Thiid 

PaH.s. 

Flue. 

117.3 

78.5 

2336 

866 

655 

619 

511 

471 

455 

126.7 

79.6 


893 

689 

646 

526 

485 

473 

128.6 

79 8 

2420 

888 

681 

633 

521 

481 

468 

131 0 

77.1 

2455 

889 

682 

642 

519 

479 

468 

131.0 

75 3 

2430 

913 

694 

655 

512 

486 

473 

137.4 

77 6 


956 

723 

660 

546 

i 512 

492 

142.2 

76 5 


939 

700 

634 

523 

493 

475 

185.3 

72.7 

'*'2530 

1051 

751 

700 

578 

541 

1 

519 


83 . Cost of Boilers and Settings. — The total cost of a boiler depends 
primarily on the cost of material and the cost of construction, Tlie 
cost of material is almost a direct function of the weight but th(^ cost 
of construction is relatively larger for small boilers than for large ones, 
so that the total cost is not a direct function of the rated liorseixiwcuL 
Furthermore, the difference in rating for various types of boika’s (bascnl 
on the extent of heating surface) has a direct influence on the (*.ost 
per rated horsepower. For instance, Scotch-marine boilei‘s are ordi- 
narily rated at 8 square feet of heating surface per horsepower, water 
tube boilers at 10 square feet and small fire tube boilers at 12 squares 
feet. Again, the rated horsepower is independeni- of the working 
pressure but the latter influences the weight of rnat/eiial so that ewsts 
expressed in terms of rated capacity arc widely discordant and do 
not permit of accurate formulations. The cost of a Iwiler ranges 
from 7.5 cents per pound for the smaller sizes to 3.5 cents for very 
large units but even this range is subject to the market price of the 
raw material. A rough rule is to allow a cost of one dollar per square 
foot of water heating surface. The following equations (Boiler Room 
Economics, Patter & Simmering, Bui 44, Kansas State Agricultural 
College) may be used as a guide in approximating the cost of different 
types of boilers with raw material based on 1915 prices. 



BOILERS 


173 


Vertical fire-tube boilers; 100 pounds working pressure or less. 

Cost in dollars = 51.5 -f- 3.62 X rated horsepower. (43) 

Portable locomotive type fire-tube boilers; 100 pounds working pres- 
sure or less. 

Cost in dollars = 121 + 5.68 X rated horsepower. (44) 

Horizontal fire-tube boilers; 125 pounds working pressure for 100 
horsepower or less. 

Cost in dollars = 5.8 X rated horsepower — 20 for 100 to 


225 horsepower. (45) 

Cost in dollars = 211 + 3.35 X rated horsepower. (46) 

Vertical water tube boilers (100 horsepower and over); 125 pounds 
working pressure. 

Upper limit: 

Cost in dollars = 1032 + 7.68 X rated horsepower. (47) 

Lower limit: 

Cost in dollars = 797 + 6.17 X rated horsepower. (48) 

Average: 

Cost in dollars = 912 + 6.98 X rated horsepower. (49) 

* Horizontal water tube boilers; 125 pounds working pressure. 

Cost in dollars = 149 + 8.24 X rated horsepower. (50) 

The cost of plain setting may be roughly estimated as follows: 
Horizontal water tube boilers: 

Cost in dollars = 400 + 0.8 X rated horsepower. (51) 

Return tubular boilers: 

Cost in dollars = 300 + 0.7 X rated horsepower. (52) 


For other data pertaining to cost of boiler equipment and cost of 
operating see Chapter XVIII. 

84. Selection of Type. — Boilers constructed by builders of good re- 
pute arc usually designed for safety, durability, and capacity, and 
rigid specifications and inspection of material and workmanship on 
the part of the purchaser are ordinarily not necessary, as the makers^ 
reputations are sufficient guarantee of their worth. Marked, depar- 
ture from standard designs must necessarily be specified, but in most 
cases instructions are limited to the working pressure, extent of heating 
and grate surface, the character of the furnace, and arrangement of 

Add 10 per cent for working pressures of 200 lbs, per sq. in. Add 30 per cent 
for working pressures of 300 lbs. per sq. in. 
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setting. Numerous tests on various types of boilers show practically 
the same efficiency provided the furnaces and boilers are properly 
designed, so that the relative merits may be considered with reference 
to (1) durability; (2) accessibility for repairs; (3) facility for cleaning 
and inspection; (4) space requirements; (5) adaptability to the type 
of furnace and stoker desired; (6) overload capacity; and (7) cost of 
boiler and setting. For high pressures 150 pounds per square inch or 
more, the water-tube or some form of internally fired boiler in which 
the shell plates are not exposed to the high temperature of the furnace 
are considered safer than the horizontal tubular boiler because tlie 
shell plates and the seams of the latter must be of considerable thi(*ls:- 
ness in large units, and being exposed to the hottest part- of the fire 
are likely to give trouble, especially if the water contains soak" or sculi- 
meiit-forming elements. In the modern ccntz*al station stcuun prevs- 
sures of 200 to 250 lb. per square inch arc standard piactice. In a 
few recent installations pressures for 350 pounds have becni spcH‘ifi(ul 
and it is not unlikely but that pressures of 400, 500 and ev(Ui GOO 
pounds may be in immediate prospect. (Sec paragraph 179 for a, 
discussion of high pressures.) Return tubular a-nd stai-ionary kxu)- 
motive boilers are seldom made in sizes over 250 horsepower atnl heina'. 
are not to be considered for large units. For sizes under 150 liorsc'i- 
power where overhead room is limited the return tubular boiler is mosl/ 
commonly installed, unless high pressure is cssenl-itd, in whicJi c-a,s<^ 
the internally fired Scotch-marine boiler or special i-yp(‘.s of vva(.(a’ 
tube boilers such as the Worthington arc used The water-tube^ boiku’ 
is usually employed in largo central stations for liiglHpix'ssurc' uiiits of 
300 to 2500 horsepower. The particular type of wat-(a’-l,ul)(‘- Ixuk^r is 
to some extent a matter of personal taste on the part of i-lu^ tuigiiUHn*, 
but due consideration should bo given to the special ixxpiirzaiuait-s as 
listed above. For small powers and for intermil-Umi opcaxition, small 
vertical or horizontal fire-box boilers have the a,dvaut,ag(‘ of low (irsl. 
cost. The small air leakage and radiation losses giv(^ inl.(‘rnal1y flrcxl 
boilers an advantage over the brick-s(d. cxtcrnally-finMl finsf.ulx^ ot‘ 
water-tube types, but this is partly offset by gixxitca' of 

regenerative surface in the setting of the latter. In mwrd ixaxaii 
installations the brick settings are completely (aicascxl hi sfxx^.l and a. 
layer of high grade insulating material is placed bi'iwcen t.h<‘ bric*k- 
work and the casing.* This reduces the leakage and radiation losmxs 
to a minimum and the setting remains effective ovm* a long pcnioil 
of time. Internally fired boilers arc more oxpctisive than ilu\ 

*See 'Tnsulatiou of Boiler Bettings,’’ Joseph Harrington, Bower, Mar. 27, I III 7, 
p. 410. 
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nally fired, though the extra cost of setting and foundation in the 
latter may bring the total cost of the entire equipment to practically 
the same figure. The design and installation of the boilers and fur- 
naces should be left at the outset to a capable engineer. 

Makers usually request the following information from intending 
purchasers: 

1. Steam pressure desired. 

2. The quantity of steam demanded. 

3. The Idnd of fuel to be burned. 

4. The type of furnace or stoker. 

5. The nature and intensity of draft. 

6. Nature of setting. 

7. Quality of feed water. 

85. Orates. — Grates may be divided into three general classes, 
namely, stationary, rocking, and traveling grates. The latter are 
treated in Chapter IV. Stationary grates are generally made of cast- 
iron sections in a variety of shapes as illustrated in Fig. 71. The bars 
are ordinarily from 3 inches to 4 inches deep at the center (this makes 
them strong enough to carry the load caused by the weight of the fuel 


COMMON BAR 



SAW-DUST 

Fig. 71. Types of Grate Bars. 


without sagging oven when the top is red hot), f inch wide at the top, 
and taper to | inch at the bottom to enable the ashes to drop clear. 
The width of the air space is determined by the size of the fuel to be 
used, the average proportions being given in Table 38. 

The “ Tapper and ‘^Herringbone'^ grate bars are stiff er and less 
likely to warp than the common form, but are not so readily sliced and. 
therefore not so convenient with coal that clinkers badly. Sawdust 
or pinhole grates are used in burning sawdust, tanbark, and very 
small sizes of coal Grates are often set horizontally and the bars are 
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held in place simply by their own weight, but long grates are best placed 
sloping toward the rear to facilitate firing. The front of the grate 
when designed for bituminous coal is often made solid, this portion 
being called the “dead plate.” It serves to hold the green fuel until 
the hydrocarbons have beep distilled off, when the charge is pushed 
back on the open grate at the time of next firing. The length of a 
single bar or casting should not exceed three feet. The length of grate 
may be made of two or three bars and should not exceed 6 feet with 
bituminous coal, as this is the greatest length of fire that can be readily 
worked by a stoker. With buckwheat anthracite furnaces 12 feet in 
depth are not unusual, as anthracite fires require no slicing. 

TABLE 38. 

AIR SPACES AND THICKNESS OF GRATE BARS. 


Size and Kind of Coal. 

Width of Air 
Spac(‘s. 

Thickness of 
(irate Bars. 

Screenings 

Anthracite — 

Average 

(Inch) 

i 

i 

i 

s 

a 

(IlK'W 

} 

« 

Buckwheat 



Pea or nut 

Stove 

1 

l 

L 

ESgg 

. 1 

! 

L 

Broken 

Lump 

A 

i 

1 

1 

r 

r 

nituminous, average 

c c 


1 

Wood-^ 

Slabs 

1 

r 

1 

Sawdust 

■ 1 
1 

1 

Shavings . . ... 



The disadvantage of using stationaiy grat(^s is that, tlu^ fin', is not 
easily cleaned. Unless the air spaces arc kept free of cliid-U'rs and 
ashes, combustion is hindered and the fire rendered sluggish. Fri'cnu'nt 
cleaning, however, is wasteful of fuel and r('du(t('.s f.h(i furnace eflnuency 
by ktting in a large excess of air every time the firc^ door is opened. 

86. Shaking Grates. — Shaldng grates have tln^ advantagi^ of iku'- 
mitting stoking without opening the fire door and UHiuirii less manual 
labor than stationary grates. There is a great vsiriety of si'ctional 
shaking grates on the market and some of them are made', self-dumping. 
One of the best-known typos is illustrated in Fig. 72. I'lach row or 
section of grate bars is divided into a front and a rear smiew by twin 
stub levers and connecting rods. An operating handle is adapted t,o 
manipulate either one or both of the levers in such a manner tliat the 
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front and rear series may operate separately or together. The shaking 
movement causes no increase in the size of the openings and hence pre- 
vents the waste of fine fuel. Ordinarily the width of the grate is made 
equal to two or more rows of grate bars so that the live fire may be 



shoved sidewise from one row to the other when cleaning. A depth of 
fire of from 6 to 10 inches is carried according to the nature of the 
fuel and the available draft. 

Grate Bars: Engr. U. S., Nov. 1, 1906, p. 728, Jan 1, 1907, p. 68. 

87. Blow-offs. — Boilers must be provided with blow-off pipes for 
draining off the water and for discharging sediment and scale-forming 
material. The ^‘bottom blow^^ is ordinarily 
an extra heavy pipe of suitable diameter 
connected to the lowest part of the boiler 
and fitted with a valve dr cock, or both. 

The generally approved method of arrang- 
ing the blow-off pipe is shown in Fig, 89. 

This method of protecting the pipe from 
the direct action of the heated gases by 
means of a V-shaped brick pier permits 
easy examination of the blow-off through 
the cleaning door in the rear wall of the 
setting. Where boilers are arranged in 
batteries the battery may have a common 
outlet for the blow-off pipes as illustrated 
in Fig. 517, Usually the blow-off pipes may discharge into the open 
air, but this is not permissible in large cities nor is it lawful to blow 
directly into the sewer. In this case the water and sediment may be 



Connections. 
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discharged into a blow-off tank and permitted to cool before delivery 
to the sewer, as illustrated in Fig. 73. 

Blowoff Valves and Systems: Power, July 1, 1916, p. 565. 

''Surface blows'' are often installed to remove scum, grease, and 
floating or suspended particles of dirt. The bell-mouthed shape 

shown in Fig. 74 permits the 
skimmer to accommodate itself 
to varying water level, and it is 
sometimes provided with a float 
and with a flexible joint, Pig. 75. 

88. Damper Regulators. — For 
maximum furnace efficiency the 
draft must be regulated to burn 
just enough fuel to supply the 
steam required. Where forced 
draft is employed this is done by regulating the speed of the blower. 
With natural draft it is the usual practice to regulate the draft by 
means of dampers placed in the uptake, and in order that tlie regula- 
tion may be effective it should be automatic. Automatic dampers 
are economical and useful and are particularly dcsiral)le in small plani^s 
where the demand for steam fluctuates rapidly. There arc scweral su(‘,- 
cessful types on the market, 
some operated by water pres- 
sure, and others by direct 
boiler pressure and in some 
of the later type by ther- 
mostats. Fig- 76 illustrates 
a typical hydraulic mecha- 
nism. Full boiler pressure 
acting at all times on a dia- 
phragm A raises or lowers a 
weight W attached to arm I) 
according as the steam pres- 

sure increases or decreases. 75 . Buckeye Hkim.ncr. 

Arm D actuates a small valve 

V which controls the supply of water to chamber B. A (liai)hragm in 
chamber B raises and lowers the dumper as the water pressure varios, a 
drop of 0.5 pound being sufficient to open the damper to its maxitmiin. 
The steam diaphragm has a movement of only 0.01 inch and th<> waUw 
diaphragm 0.5 inch. When properly jidjusted and giwiii proper atten- 
tion automatic dampers work in a very satisfactory manner. 
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Fig. 77 shows a section through the Tilden damper regulator, illus- 
trating the principles of the steam-actuated type. The device is con- 
nected directly to the boiler by pipe A. The 
pressure on piston B is balanced by spring C 
under normal conditions of operation. Any 
variation from the normal will cause the rod 
R to move up or down, so that the dampers are 
opened or closed in proportion to the change 
in pressure. The chamber N is separate from 
chamber ikf, so that steam or water cannot 
come in contact with the spring. Piston D acts 
as a guide only. In a recent design of this 
device the regulator is hydraulically actuated 
and simultaneously operates the damper and 
the stoker engine thereby automatically propor- 
tioning the air and fuel supply to the load 
requirements. 

89. Water Gauges., — The water level in a 
boiler is usually indicated cither by a gauge 
glass, by try cocks, or both, connected directly 
to the boiler as in Fig. 1, or to a water column 
or combination as in Fig. 77. Each gauge- 
glass connection should be fitted with a stop 
valve which may be closed in case the tube 
breaks. In large boilers these valves, usually 
of the quick-closing type, are conveniently 
operated from the boiler-room level by means 
of a chain attached to the valve stem. Self- 
closing automatic valves have been employed, one type being illus- 
trated in Pig. 79. If the glass breaks the outrush of steam forces 
the ball against a conical scat and shuts off the supply. When a new 



Fig. 77. Tilden Steam-act- 
uated Damper Regulator. 



180 


STEAM POWER PLANT ENGINEERING 


glass is inserted the ball is forced back by slowly screwing in the valve 
stem. Hinged valves mechanically operated from without are con- 
sidered more reliable than ball valves, as scale is less likely to render 


innnpmti ve. Self-closiiia: valves 



Fig. 78 Simple Water Column. olosinp; Valve. 


Try cocks or gauge cocks are set at points above and Ix^low t/he dcwircxl 
water level, preferably connected directly to the boiler shell, huii soinc'- 



Water 


Fig. 80. Combined Water 
Column and High- and Low- 
water Alarm. 


times to a water cjoluinn as in Fig. 78. 
The water level is ascertained by opeming 
the cocks in succession. 

The objection to the latter arrajigc'-.numt 
is that accident to or a st.oppa.gc of tlu^ 
piping render’s both gauges gln-ss a,nd try 
cocks useless. Water (‘nlinnus should Ix^ 
blown out onc(^ a day, and th(‘ gauge <;ockH 
opened to sexi that iJic hciight- of Iho waf.cx' 
indicated tallies with that shown by i\m 
glass. Ronu^ emginexu’s prcRa* two separat.c^. 
columns to each boiler and no cocks, otlnu’S 
rely solely upon cocks. 

The water column shown in Fig. 80 lias 
an alarm whistle, controlled by two floats, 
which gives a high- and low-wat<n* alarm. 
Numerous devices of tihis class n»r(^ on the 
market but they are usually rc»garclcxl as 


unreliable and most engincxn'H ajt^ (x)nt.(»nl* 


to depend upon water gauge an<l try cocks. Hex^, Pow(^r, Mar. Ub 1017, 


p. 358, for a description of a watcr-lcvol indicator for high-i)rassure boilers. 
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Water Gauges and Columns: Mach., Sept., 1905, p. 31; Power, Aug., 1905, p. 483; 
Am. Eleen., July, 1904, p. 359; Eagr. U. S., Jan. 1, 1907, p. 58. 

90. Fusible or Safety Plugs. — Fusible or safety plugs as illus- 
trated in Fig. 81 are brass plugs provided with a fusible metal core. 
They are inserted in the shell or tubes at the lowest permissible water 
line. When covered by water the heat is conducted away sufficiently 
fast to keep the temperature below the fusing point, but when uncovered 
the low conductivity of the steam prevents the rapid withdrawal of heat, 



Fig. 81. Types of Fusible Plugs. 


whereupon the alloy melts and the blast of escaping steam gives warn- 
ing. The melting point of fusible metals being sometimes uncertain, 
plugs occasionally blow out -without apparent cause and at other times 
fail to act when shell is overheated. Fusible plugs are required by law 
in many cities. 

91. Soot Blowers, Tube Cleaners, Etc. — Aside from the assurance 
against burning out of tubes due to the accumulation of scale, the 
maintenance of clean heating surfaces is one of the most important 
problems in connection with recent developments with higher boiler 
ratings and in the operation of large boiler units. Efficiency and 
capacity depend to a greater extent upon cleanliness (both internal 
and external) of the heating surfaces than is ordinarily realized. Soot 
is an excellent heat insulating material and consequently any ap- 
preciable deposit on the heating surfaces will reduce the rate of heat 
absorption and result in high flue gas temperatures. The gain effected 
in economy and capacity by the removal of soot varies with depth, ex- 
tent and nature of the deposit and the rate of driving. No modern 
plant is operated without periodically removing this deposit. 

Surfaces exposed to the action of the products of combustion are 
customarily freed from soot and clinkers by steam lances, soot blowers 
incorporated within the setting, brushes, scrapers and similar appliances. 
Light, flocculent soot is conveniently removed at regular intervals by 
means of a hand-operated steam lance with which all surfaces are reached 
and swept clean. Under certain conditions better results are obtained 
by permanently installed soot-blowers. (See Figs. 82 and 83.) These 
consist of a series of pipes and nozzles, the latter stationary or re- 
volving, located so that all parts of the heating surface subjected to 
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soot deposit may be swept with a jet of steam. The controlling valves 
are located outside the setting. (See also paragraph 35.) With certain 
grades of coal under heavy furnace capacity the particles of ash and 
slag carried along with the products of combustion are in a plastic state 
and adhere to the two or three lower tubes. The accumulation may 
eventually result in a complete choking up of the gas passages. Blow- 
ing by hand lances and machine blowing devices will not remove the 
accumulation and dislodging the deposit with pokers after the furnace 
has been partially cooled appears to be the only practical solution of 
the problem. 

Boiler Cleaning Costs: Power, May 23, 1916, p. 741. 

Keeping Boiler Heating Surface Clean: Textile Wld, Sept. 9, 1916, p. 3899; Elec. 
Wld., May 20, 1916, p. 1182; Power, Aug. 31, 1915, p. 314, July 13, 1915. p. 48. 

The question of preventing the formation of scale by purification 
of the feed water and the loss in heat transmission due to scale deposit 
is treated at length in Chapter XII. In the average plant furnished 
.with commercially good feed water it is customary to allow scale to 
deposit for a limited period of time and then remove it mechanically 
by tube cleaners and scrapers. The principles of construction of these 



Fig, 84. Mechanical Tube Cleaner — Hammer Type. 

devices vary widely according to the types of boilers in which they are 
used, and depend upon the nature of the duty which they must perform. 
Mechanical tube cleaners may be conveniently divided into two classes: 

1. Those which loosen the scale by a series of rapid hammer blows, 
Fig. 84. 

2. Those which cut out the scale by a revolving tool, Fig. 85. 

The hammer device is applicable to cither the water or fire-tube 
type of boiler, but the revolving cutter is applicable to the water-tube 
only. Steam, compressed air, or water under pressure may be used 
as the motive of power, though the latter is the most convenient and 
satisfactory. 

Referring to Fig. 84, the hammer head J is given a rapid motion, 
which may reach 1500 vibrations per minute, and subjects the tube 
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to repeated shocks, thereby cracking the brittle scale and jarring it 
loose from the water surface of the tube. The cleaner head is at- 
tached to a flexible pipe of sufHeient length to enable it to be pushed from 
one end to the other. Even if carefully manipulated the hammer is apt 
to injure the tube by swaging it to a larger diameter, producing crystal- 
lization in the metal and causing leaks where the tubes are expanded 
into thin sheets, hence its use is not to be recommended. 



Fig. 85. Mechanical Tube Cleaner — Turbine d'yiie. 


Hydraulic turbine cutters are made in many designs, one of which is 
shown in Fig. 85 . The cylindrical casing D contains a hydraulic tur- 
bine consisting of a fixed guide plate which directs Ike water at tk(! projior 
angles upon the vanes of the turbine wheel T. The cuitw-s C nwolve 
at high speed and chip the scale into small pieces. The stream of wal;er 
flowing from the turbine envelops the cutters, keeps their ('.dges (!ool, 
and washes away the scale as fast as it is det.ach(Hl. DilR'.rcmt stykis 
of cutter wheels are furnished with each cleaner so as to adapt. t.hc device 
to all kinds of scale formations. In well managed plan(.s scales is not 
permitted to deposit to a thickness greater than a’s to iV of a.u inch. 

American Railway Mcchanicii Ai^wnation; Report of the ('onmdUee on Jknler 
Washing: Ry. Review, June 10, 1915, p. 851. 


PROBLEMS. 

1. Given: Initial pressure 100 lb. gau^c; barometer 20.5 in.; (pialiiy 08; Akh! 
water, 82 deg. falir. Required boiler horsepower nceessary to furnish a 50 
power engine with steam, engine uses 45 lb. per i.hp-hr, 

2. A 30,000 kw. steam turbine and auxiliarw^ recpiire 12 II), Ht(*am pc^r kw-lu\ 
at rated load; initial pressure 250 lb. gauge; barometer 30 in.; superheat 250 deg. 
fahr.; feed water 180 deg. fahr. Required the boilt^r horsepower n(a;(‘«sary to furnish 
the turbine and auxiliaries with steam. If the boilers are operairnl at 250 p<ir ecaii 
rating when supplying the turbine and atixiliarics, requinal ilm ratio of kilowatts 
of turbine rating to boiler rating. 

3. A boiler evaporates 90,000 lb. of water per hr. from a food temperature of 210 
deg, fahr, to steam at 275 lb. absolute pressure and 200 deg, superhiiat. If Urn boiler 
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is being forced to 200 per cent rating when evaporating this amount of water, re- 
quired the extent of heating surface assuming that the normal rating corresponds to 
an evaporation of 3.5 lb. water from and at 212 deg. fahr. per sq. ft. of heating sur- 
face. Allowing 10 sq. ft. of heating surface per rated boiler horsepower, required 
the boiler rating. 

4. Determine the factor of evaporation for Problems 1 and 2. 

5. The following data were taken from a boiler test: 

Heating surface, 8000 sq. ft.; grate surface, 160 sq. ft.; 

Coal analysis (as fired) : Moisture 8 per cent; ash 12 per cent; B.t.u. per lb. 12,100. 

Weight per hr. : Water fed to boiler, 32,000 lb.; coal 4,000 lb.; dry refuse removed 
from ash pit, 720 lb. 

Temperatures: Flue gas, 480 deg. fahr.; feed water, 160 deg. fahr.; boiler room 
80 deg. fahr. 

Pressures: Steam pressure, 125 lb. gauge; barometer, 29.0 in., superheat, 100 deg. 
fahr. 

Required: 

a. Factor of evaporation. 

h. Boiler horsepower developed. 

c. Per cent of builders’ rating developed (builders’ rating == 10 sq. ft. of heating 
surface per boiler horsepower). 

d. Evaporation per lb. of coal as fired: 

(1) Actual. 

(2) Equivalent. 

e. Evaporation per lb. of dry coal. 

(1) Actual. 

(2) Equivalent. 

/. Evaporation per lb. of combustible: 

(1) Actual. 

(2) Equivalent. 

g. Equivalent evaporation per lb. of combustible burned. 

h. Evaporation per sq. ft. of heating surface. 

(1) Actual. 

(2) Equivalent. 

i. Pleat value of the combustible as fired. 

j. Heat value of the combustible as burned. 

k. Efficiency of the boiler, furnace and grate. 

l. Efficiency on the combustible basis. 

6. The following additional data were taken during the test outlined in Problem 
5. Flue gas analysis, per cent by volume: 

GOa 14.19; CO 1.42; 0 3.54; N 80.85 

Ultimate analysis of coal as fired, per cent by weight: 

Carbon 66, hydrogen 5, nitrogen 1, oxygen 8, moisture 8, ash 12. 

a. Calculate: 

( 1 ) Complete heat balance . 

(2) Inherent losses. 

(3) P( 5 r cent of available heat utiliased. 
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7. If the fuel (Problem 5) cost $3.25 per ton of 2000 lb., determine the cost of 
evaporating 1000 lb. of water from and at 212 deg. fahr. 

8. A test of an oil-fired furnace gave an actual evaporation of 12.77 lb. of water 
per lb. of oil with boOer and furnace efficiency of 82.8 per cent; boiler pressure 200 
lb. absolute, superheat 87 deg. fahr., feed water temperature 93 deg. fahr. Required 
the calorific value of the oil. 



CHAPTER IV 

SMOKE PREVENTION, FURNACES, STOKERS 

93. General. — Anthracite coal and other fuels low in volatile com- 
bustible matter can be burned in almost any type of furnace without 
the production of visible smoke; in fact, it is a difficult matter to pro- 
duce smoke with this class of fuel. On the other hand, bituminous and 
other ^^soft^^ coals high in volatile matter can be burned smokelessly 
only in properly proportioned and carefully operated furnaces. 

The problem of smoke abatement is a comparatively simple one for 
large plants equipped with mechanical stokers and provided with 
ample draft, even for widely fluctuating loads, but for hand-fired plants 
it depends largely upon skillful manipulation by interested and efficient 
firemen. The order of intelligence demanded for this work is out of 
all proportion to the wages paid. In many smaU plants — and these 
are usually the most obstinate smoke offenders — the fireman handles 
as much as a ton of coal per hour by hand, besides caring for the feed 
pumps and water levels, keeping the boilers clean, and removing the 
ash. The boiler room is frequently poorly lighted and poorly venti- 
lated. It is, therefore, not surprising that the fireman seldom worries 
about the smoke problem. A better wage scale and more consider- 
ation for the fireman might do a great deal toward abating the smoke 
nuisance. 

Since the loss in heat due to visible smoke is usually less than one- 
half per cent, and seldom greater than one per cent of the heat value of 
the coal (see Table 39) it is a common statement among owners of 
power plants that it is cheaper to smoke than to operate without smoke. 
This is undoubtedly true in many cases where smokeless combustion 
can be secured only by admitting a considerable excess of air with a 
consequent loss in economy frequently greater than that due to incom- 
plete combustion and smoke, but if proper attention is giVen to the 
various factors involved practice shows that smokeless combustion 
can bo effected with high boiler and furnace efficiency. 

The amount of solids discharged from a stack has no direct relation 
to visibility. A stack may appear smokeless to the eye and yet dis- 
charge considerable dust into the atmosphere. Furthermore, the sul- 
phur compounds resulting from the combustion of certain coals are 
eventually converted into sulphuric acid, and though invisible, are even 
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TABLE 39. 

QUANTITY AND HEAT VALUE OF SOLIDS IN VISIBLE SMOKE. 
(BITUMINOUS COAL.) 

From the Heport of the Chicago Association of Commerce Committee of Investigation on Smoko Abat.e- 

ment. (1912.) 



Smoke Density, 

Per Cent. 

Solids in Visible Smoko. 

Test Number. 

Per Cent bv Weight of 
Fuel Fired. 

Per Cent of the Iloat 
Value of the Fuel khred. 


Fires with High Smoke Density. 


3 

21 97 

0 83 

0 28 

17 

20 00 

0 75 

0.30 

10 

20 00 

1 10 

0.05 

30 

15 80 

0 65 

0.40 

29 

14 50 

0 82 

0 40 

Average 

18 45 

0.03 

0.51 


Fires with Tjow Smoke Density. 


56 

0 

0 51 

0.21 

57 

0 

0.30 

0 08 

SO 

0 

4.07 

0.74 

81 

0 

1 81 

0.48 

85 

0 

0 47 

0.11 

Average 

0 

0.47-' 

0.32 


* Average of 10 plant tests not including Test No. 80. 


TABLE 40. 

CHEMICAL COMPOSITION OF THE SOLID CONSTITUENTS OF SMOKE, 
(CHICAGO ASSOCIATION OF COMMERCE.) 


Per Cent of Total Solidn. 



Hydro- 

CombuHtible 

Mineral 


Kind of Fuel. 

carbons 

SolidH 

Matt.or 

Sulphur, 


(Tar). 

(Carbon). 

(AhIi). 


rrigh-proHHuro Plantn. 


Pocahontas 

3.08 

41.45 

52.30 


Bituminous 

4.19 

32.80 

59.03 

3.08 


Low“i)roHHuro PlantH. 


Anthracite 

0.73 

31.88 

07.3!) 

0 0 

Pocahontas 

11.43 

54.90 

33.47 

0.20 

Bituminous 

31.43 

44.00 

22.12 

2.30 
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more objectionable than visible smoke from a standpoint of atmospheric 
pollution. Sulphuric acid has a disintegrating action on building material 
and produces deleterious effects upon furnishings, clothing and mer- 
chandise. Evidently smokeless combustion in itself does not prevent 
the escape of objectionable matter from the chimney, but it is a step 
in the right direction. All solid matter may be removed from the 
products of combustion by electrical precipitation * and all solids and 
gaseous sulphur compounds may be completely eliminated by “wash- 
ing, ’’f but these processes have not yet been developed to a basis where 
the results are compatible with the expense, at least for average power 
plant service. 

In locomotive practice from 3 to 25 per cent of the weight of dry 
coal is discharged in the form of cinders, the lower figure for a pressure 
drop of approximately 1.5 inches of water and the higher figure for a 
pressure drop of 12 inches. See Laboratory Tests of a Consolidation 
Locomotive^ Bulletin No. 2, Vol. XIII, University of Illinois, Sept. 13, 
1915, p. 25. 

In order that combustion may be smokeless and efficient, the volatile 
gases and separated free carbon must be brought into intimate contact 
with the proper quantity of air and maintained at a temperature above the 
ignition point until oxidation is complete before they are brought into con- 
tact with the heat-absorbing surfaces of the boiler. Mere excess of air will 
not effect smokeless combustion, even if the gases and air are thoroughly 
mixed, if the temperature is prematurely reduced below that necessary 
for combustion by contact with the heat-absorbing surfaces of the boiler. 

Smoke may be produced, therefore, by 

1. An insufiSicient amount of air for the perfect combustion of the 
volatile gases. This is primarily a function of the draft. 

2. An imperfect mixture of air and combustible. 

3. A temperature too low to permit complete oxidation of the volatile 
combustible. 

Table 41 gives an idea of the distribution of smoke production by 
various industries in Chicago, in 1912. Rigid enforcement of the smoke 
ordinance has reduced the nuisance to a considerable extent, so that the 
distribution at this date differs somewhat from that shown in the table. 

The term “smoke consumer'^ is a misnomer, since the combustible 
solids in visible smoke when once discharged from the furnace cannot 
b(^ economically burned. The so-called smoke consumers are in reality 
smoke preventers. 

Problems in Smoke, Fume and Dust Abatement: F. G. Cotorcll, Publication 
2307, 1914, from the Smithsonian Report for 1913. 

t Washing Smoko from Locomotives: M. D, Franey, Power, Oct. 19, 1915, p. 661, 
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Smoke-preventing devices may be divided into two classes: (1) those 
which may be conveniently attached to plants already in operation 
without material modification of the furnace, such as steam jets and 
other means of mixing the air and combustible gases, admission of air 
through the bridge or side wall, and mechanical draft; and (2) those 
which are an integral part of the boiler and setting, such as mechanical 
stokers, Dutch ovens, down-draft furnaces, and fire-tile combustion 
chambers incorporated with the regular setting. 

93. Hand-fired Furnaces. — Hand-fired furnaces, as a class, arc most 
obstinate smoke producers. Although they can be operated efficiently 
without the production of objectionable smoko the result depends 
more upon the fireman than upon the design of the furnace. The chief 
difficulty with hand-fired furnaces lies in the intermittent natures of 
the firing. When a fresh charge of coal is fed into the furmn^o an enor- 
mous volume of volatile matter is evolved. For complete coml)UsfJon 
a corresponding amount of air must be supplied and intimately mixed 
with the volatile gases before contact is made with the compari lively 
cool heating surface. In the average hand-fired furnace the combustion 


TABLE 41. 

SMOKE DISTRIBUTION IN CHICAGO PLANTS. (1912.) 


(From the Report of the Chicago Association of Commerce Committee of Investigation on Smoke 

Abatement.) 



Relative 

Relative Contributkm, Per Cent. 

Service. 

Weight of 
Coal and 
Coke* Con-i 
aumod 
During the 
Tear 1912, 
TonH. 

To 

Viaiblo 

Smoko. 

To 

Solid j 
Con- 
atitu- 
ontH of 
the 

Smoke. 

To (Jaa- 
oouH f*ro(l“ 
UCtH of 
CombuH- 
tion. 

To CJaa- 
oouH Car- 
bon C’on- 
HtituentH 
in tlie 
Smoke. 

To 

Sul- 

pliur 

Coiwiit- 

mtiiH 
in tlie 
Snioke, 

Steam locomotive 

13.27 

22.00 

7.47 

10.31 

10. 11 

18.22 

Steam vessels 

0.44 

0.74 

QM 

0.60 

0.55 

0.45 

High-pressure steam and other 






stationary plants 

43.13 

44.49 

19.34 

44.96 

40.68 j 

53.70 

Low-pressure steam and other 






stationary plants 

21.91 

3.93 

8.60 

23.00 

23.06 

10 73 

Gas and coke plants 

1.20 

0.15 

0 00 

0.00 

0.00 

0.<K) 

Furnace for metallurgical, manu- 




facturing and other processes. . 

20.05 

28.63 

64.26 

21.13 

25.60 

7.00 

Total 

100.00 

m.oo 

100.00 

' lOCl.Oir 

*'100.00 

lOO.(K) 


* Total fuel oonsumod 21,208,8B(J tons. 


chamber is so small and the heating surface is so close to the grat<^ that 
the partly burned gases strike the heating surface before oxidation in 
complete and combustion is hindered or even coraplotoly arrested. 
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The majority of so-called smoke preventers are merely devices for me- 
chanically mixing the air and volatile gases. These include fire-brick 
piers, baffles, arches, and steam jets. There is no question as to the 
value of these mixing devices if properly installed, but the personal 
element is too variable a factor for consistent results and the ultimate 
solution lies in mechanical stoking. The most economical and smoke- 
less hand-fired plants are those that approach the continuous feed of 
the mechanical stoker. The following rules formulated by Osborne 
Monnett, former Chief Smoke Inspector of the City of Chicago, apply 
to hand-fired furnaces burning Illinois coal which is high in volatile 
matter. (Power, Aug. 11, 1914, p. 207.) 

Building Fires. 

Cover the grate with coal to a depth of about 4 in., and build a wood 
fire on top, or throw live coals from another boiler into the furnace at 
the bridge wall. The green coal underneath will then ignite and burn. 
As the coal in the front gradually ignites, the volatile matter must 
pass over the fire already on the grates. A live, good steaming fire 
can be built up in this way without producing dense smoke. Keep 
the doors cracked and the panels wide open, giving the fire suflfleient 
air and allowing the fresh coal to be ignited from the top. This will 
keep the smoke down to a minimum. When the coal has fully ignited 
and has been well coked, fire six or eight scoops of coal on one side, 
beginning at the bridge-wall and filling up the low spots all the way to 
the front. Do not spread the coal but allow it to lie in lumps just as it 
leaves the shovel. Before the fire gets too low on the other side, and 
after the greater part of the volatile matter has been burned off from 
the last charge, fire an equal amount of coal on the other side as before, 
always keeping the panels wide open after firing. 

When enough steam has been generated, use the jets, turning them 
on before firing and leaving them on until the bulk of the volatile matter 
has been distilled off. Always use the alternate method. For smoke- 
less operation, hand-fired boilers burning coal exclusively should not 
exceed a capacity of 150 hp. 

Cleaning Fires. 

Build up the fire on one side and let the other side bum down. Just 
l)eforo cleaning, ^^wing” over the live coal from the burned-out side 
and pull out the clinker and ash, cleaning the grates thoroughly. Cover 
the dean grates with green coal and push over live coal from the other 
side. When the cleaned side has become thoroughly ignited and the 
volatile matter has passed off, throw in coal to fill the spots not covered 
and pull the clinker and ash out of the other side. Cover the grates 
with green coal as before, winging over live coals from the opposite 
side. Keep the panels wide open and allow the fresh coal to ignite 
thoroughly. Never allow the fire to bum low before cleaning if carry- 
ing a heavy load, as there is a possibility of losing the steam pressure. 
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After cleaning, follow up closely with the alternate method of firing 
until the fuel bed is thick enough to hold the pressure. 

Carry as thick a fire as the draft will permit and do not spread the 
coal over the grates. 

Banking Fires. 

Throw 15 or 20 scoops of coal on each side. Open the panel doors 
slightly, close the ashpit doors and partially close the damper. To 
break up the bank, level the fire, with the panel doors open, and start 
firing by the usual method, making sure the damper is wide open. 

Keep the fire brick by the alternate method, using the panel doors 
and steam jets, and regulate the steam pressure with the ashpit doors. 
This insures a temperature in the furnace high enough to maintain the 
brickwork at the igniting point of the coal and promotes comliustion 
of the volatile matter. At the same time, it keeps down tlic distillation 
of the volatile matter to a low rate, and by having the damper open 
and the panels cracked, the circulation of the gases is not retartled. 
Do not try to regulate the steam pressure by the damper or smoke will 
be produced. 

The method just described is contrary to the general rules for firing, 
but its philosophy is explained in the following; If a shovelful of coal 
is thrown on a bright fire by the spreading method, every particle of 
that coal is immediately subjected to the intense heat of tlu^ fire and the 
volatile matter is rapidly driven off. If this is followed by tiiorc^ (!oal, 
the result is a volume of volatile matter which is beyond the capsieity 
of the furnace to handle without dense smoke. 

If, on the other hand, the fuel is fired in a lump from the shovel wifli- 
out spreading, there is a considerable quantity of tla^ coal which does 
not immediately become subjected to the high temi)erature. The 
coal on the outside of the pile gives up its volatile an<l ilu; coal within 
is not affected until the volatile matter has been distillcid from the outside 
lumps. Furthermore, the volatile matt,er from the inm^r portions of 
the pile must pass outward through the incand(isc(ait outi^r layer of 
fuel much in the same way as in the underhied stokiu-. In (his way 
the production of smoke can be retarded, and thc^ mor<( coal thrown on 
the fire at once, the less smoke. Two shovelfuls of cjoal fired by the 
spreading method on a clean, bright fin*, will make! mori! smolu! than f,(',n 
shovelfuls of coal fired by the lump mel.hod. In prac.tiei*, iti will be 
necessary to determine just how much coal shouhl b(! fircfd at otuH!, 
but six or eight shovelfuls on a side with th(! tlraft. op(!ral.ed according 
to the method ordinarily used will be found to be about, right. 

When a battery of boilers is to b<! fired, tlus fires should Ix! fed by lih(! 
alternate method, as before, passing from one boiler to another until 
they are all charged and then repeating on the other side of the furnaciw. 
It should be determined by experiment, howov(!r, just, how many fur- 
naces can bo fired consecutively without producing dense smoko, and 
after this has once been made known, the fireman should adhere strictly 
to the rules laid down in this regard. 

94. Dutch Oven.s. — One of the earliest attempts at haiul-firod smoke- 
less-furnace construction consisted in placing a fulkixteiiHion Dutesh 
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Oven (Fig, 86) in front of the boiler. This provided a large com- 
bustion chamber but the setting was extravagant in floor space and the 
intense radiation from the incandescent furnace lining effected a too 
rapid distillation of the volatile matter from the green fuel. As a result 



the velocity of the gases was too high to permit complete oxidation 
within the furnace and visible smoke could not be prevented from form- 
ing except at light loads. Steam jets placed at the sides of the setting 
and blowing across the fire assisted in mixing the gaseous products 



but did not satisfactorily solve the problem. By placing the oven 
partly (semi-extension) or completely (flush front) underneath the boiler 
proper the extra space requirements were reduced or completely elimi- 
tiated l)ut a considerable portion of the heating surface was insulated 
from the fire at the expense of capacity. The next stop was to remove 
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part of the oven roof and expose the boiler surface to the direct action 
of the fire. This increased the economy and capacity of the setting 
but still failed to effect the desired result. The introduction of a de- 
flector arch at the end of the oven made smokeless combustion possible, 
but the setting was rather high and expensive to install and maintain. 
The final development consisted in arranging the deflector arches and 
a double-arch bridge wall as illustrated in Fig. 89. Dutch ovens are 
generally used in burning wood refuse and similar fuels. Sec Fig. 87. 

95. Twin-fire Furnace. — This arrangement, illustrated in Fig. 88 in 
connection with a hand-fired return tubular boiler, is a double furnacic 
formed by longitudinal arches extending between bridge wall and fire 
door. 

The furnaces are fed and manipulated alternately, the object being 
to have one furnace in a highly incandescent state, while green fuc^l is 
fed into the other. Air is admitted both below and above tlu^, grate, 
and the .volatile gases are supplied with the necessary oxygen for (com- 
bustion before they come into contact with the comparatively (cool 
boiler surface. 

The gases from both furnaces first pass into a chamber formed by a 
single arch sprung across the entire itmer setting from th(c side wall, a 
short retarding arch being placed between this int-ormediat-e cchiimber 
and the rear of the setting. A special tile of higii-grade r(cfra(ct.ory (chiy 
is used, the thickness varying from 4 to 6 inches, (Uepending upon the 
size of furnace and the length of span. The furna(c(c ca,n ncadily bo 
substituted for the ordinary types in common use under any st^mdard 
tubular or water-tube boiler and may be installed either uiukcr the boiker, 
as indicated in the illustration, or in an extension I)ut(ch oven. This is an 
excellent furnace, and when properly manipulai.e(l gives smokeless a,nd 
efficient combustion. 

95. Chicago Settings for Hatid-firedi lleturn Tubular Boilers. Figs. 
89 and 90 show details of settings for ixciurn tubular boikers a.s r(C(com- 
mended by the Chicago Dcpartm(uit of Hmokc Inspcct/ion, and wbitch 
may be considered the laiest devedopment in' hand-fired smoInck^B 
settings for Illinois bituminous coals. The setting illustaiited in Fig. 
89, and known as the Double-arch Bridge-wall Furmuce, is in(,ccnd(Hl 
for low pressure work where steam jeets are not (dfective and whccre 
the rate of combustion is 15 pounds of coal per scpiarc^, foot of grat.c^ 
surface per hour or less, and that shown in Fig. 90 whe^re thc^. ra.te of 
combustion is greater or where the plant has a regular power load 
The dimensions refer to a specific set of conditions aiul are not, gemorah 
Both settings require careful manipulation for smoketes combustion as 
is the case with hand-fired furnaces in general. It has been the 
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perience of the Department that most violations of the smoke ordinance 
are due primarily to insufEcient draft, the required rate of combustion 
being too high for the available air supply. The following note refers to 
the No. 8 furnace: First grade fire brick to be used throughout with 
the exception of the combustion chamber floor and the side walls of 
the combustion chamber back from a point one foot behind the rear 
face of the wing-walls. Wing-walls to be bonded into the side walls. 
No air space to be left in the setting walls. Fire doors must provide for 
special air admission of an area equal to four square inches for each 
square foot of grate surface. 

97, Burke’s Smokeless Furnace. — Fig. 91 shows sections through 
a Burke smokeless furnace as installed in a number of tall office buildings 
in Chicago. It amounts virtually to a Dutch oven equii)ped with 
shaking grates, and embodies an extension self-feeding coking oven of 
cast-iron section lined with fire brick. and protected from overhoal/ing 
by air circulation through the sections. Natural draft is us(mI, the 



fire doors being closed; but air is admitted abov(‘, as W(h as bedow ih(^ 
fire. As this stoker is manipulated by hand, more or k^ss atticmt ion is 
required of the operator in keeping the fire ch^an. .FurnacH^s of this 
type at the power plant of the Majestic Tlu^ai/cr building, (diicago, III, 
are giving good results. 

98. Down-draft Furnaces. — Fig. 92 shows the appli(‘.aiion of a 
Hawley down-draft furnace to a Heine waior-tubo boilc'j*. In this fui*- 
nace there are two separate grates, one above the other, tlie appear 
one being formed of parallel water tubes connecitexl wiili the waic^r 
space of the boiler through the stool headers or drums, A and /), in 
such a manner as to insure a positive circulation, Fued is supplitul to 
the upper grate, the lower one, formed of common bars, being fed by 
the half-consumed fuel falling from the upper grate. Air for com- 
bustion enters the upper fire door, which is kept open, an<l passers first 
through the bed of green fuel on the upper grate and then over the in* 




CBOSS SECTION A-A LONGITUDINAL SECTION 

Fig, 92, Hawley Down-draft Fnmace AppHed to a Heine Boiler. (CWcago Setting.) 
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candescent fuel on the lower grate. A strong draft is required, due 
to the relatively small upper grate area and the correspondingly high 
rate of combustion. Lump coal gives better results than the smaller 
sizes, as the latter are apt to fall through the upper grate before being 
even partially consumed and when such is the case efficient results cannot 
be obtained. If carefully manipulated this furnace with fire-tiled tubes 
as illustrated in Fig. 92 gives high boiler efficiency and smokeless com- 
bustion, but its overload capacity is limited. Without the fire tiling 
smokeless combustion is possible only at light loads. 

The down-draft furnace is remarkably successful on low rates of 
combustion, 10 lb. per sq, ft. per hour or less and is used extensively 
for heating loads. 

99. Steam Jets. — The main purpose of a steam jet in connection 
with ''smokeless furnaces” is to mix the air and gases and insure inti- 
mate mixture of the products of combustion. This action is purely 
mechanical, the steam in itself not being a supporter of combustion. 
The claims sometimes made that steam increases the calorific value of 
fuel are erroneous. There are conditions with ceri;ain grades of coals 
and refuse under which a moderate amount of stream inj(H*,t<ed into 
the furnace promotes complete combustion and increases the (dficucncy 
of the boiler. Such results, however, are due to incrc^asc^ in available 
heat and not to increase in actual calorific value. A th(U)ry advamxHl 
in this connection is that "hydrogen and GO formed by the. reaction 
between the steam and incandescent carbon unities with liu^ oxygem 
of the air passing through the grate and g(uierai»(^ int(ms(^ lu^at. 11)13 
heat dissociates a part of the steam into hydrogen and oxygim. The 
hydrogen immediately recombines with oxygen of iiic air, while tiie 
oxygen in its nascent state effects complete comlnistion of the. hydro- 
carbons which under ordinary conditions escap<'. in the form of smoker. 
Although it takes as much heat to dissociate steam into it.s denuaitis as 
is given off when the hydrogen burns back again to watcu* va.por iha gain 
in available heat effected by the steam lies in tlui combustion of tlio 
hydrocarbons which would otherwise be dischargcal up thc^ si.ack. 
The heat necessary to superheat the steam to stack tcmptuidAire must 
be charged against the coal pile but the loss may be mon*. t.hati offsed^ 
by this increase in available heat. It takes the same amounl, of oxygcui 
to burn the hydrogen as is liberated by dissociaiion ho tlunt*. is no extra 
oxygen available for combustion, but the oxygen thus liberatcKl is in a 
nascent state and combines much more readily with the hydroi^arbona 
than does atmospheric oxygen.” 

There is no question as to the value of properly installed stoam 
in maintaining smokeless combustion in internally fired fumaocjH, hamb 
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fired return-tubular boilers and improperly designed furnaces, but 
taking all things into consideration better results may be had with 
properly designed furnaces equipped with mechanical stokers. A 
plain setting and steam-jet equipment either manually operated or 
automatic will usually average from 8 to 12 per cent smoke density (see 
paragraph 105). The '‘Chicago No. 8 Furnace’’ properly manipulated 
can be operated with about 2 per cent smoke density. A smokeless 
stack with hand firing is not a true indication of efficient operation, 
since the air dilution may be excessive and the heat demands of the steam 
jets may be very great. Since air requirements are greatest at the 
moment of firing fresh coal, and the demand diminishes as distillation 
of the volatile matter progresses, steam jets need close regulation for 
best economy. If permitted to run continuously, as is often the case, 
they may use considerably more of the energy of the coal than they 
save by effecting smokeless combustion. Practically all of the so-called 
“smoke consumers” for hand-fired furnaces depend upon the steam 
jet or admission of air only above the fire for their operation. In most 
of these the jets are automatic and operate independently of the fireman. 
The most efficient jets are those based on the injector or siphon prin- 
ciple in which the jet induces a flow of air along with the steam. The 
steam nozzles are usually placed in the front wall and are charged down- 
ward toward the bridge wall, as illustrated in Fig. 90. Occasionally 
they are placed in the side wall or even in the bridge wall, but the 
front wall construction appears to be the best. The majority of the 
patented smokeless furnaces involving the use of the steam jet do not 
conform with the requirements of the Chicago Department of Smoke 
Inspection^ chiefly because of faulty furnace design. 

Theory, Practice and Design of Hand-fired Furnaces and Modern Methods of Smoke 
Prevention: National Engr., Nov., 1913, p. 670 (Serial). 

For valuable data pertaining to smokeless combustion including brick settings for 
all types of hand-fired and stoker-fired furnaces see serial article by 0. Monnett, 
Chief Smoke Inspector, Chicago, 111., Power, May 12, 1914 to Jan. 5, 1915. 

100. Mechanical Stokers. — Uniform evolution of the volatile gases of 
the fuel is the essential requisite for smokeless combustion, and it is 
for this reason that mechanical stokers as a class are more effective in 
preventing smoke than any apparatus accompanied by intermittent 
firing. Stokers which feed irregularly have the effect of hand-fired 
furnaces, and it is necessary not only to employ some powerful auxiliary 
mixing device but also to furnish at times an extra supply of air to 
take care of the enormous volume of volatile gas evolved after a fresh 
charge of fuel is added. 

Carefully adjusted automatic stokers owe their high efficiency to: 



202 STEAM POWER PLANT ENGINEERING 

(1) uniformity of feed; (2) proper proportion of air and combustible; 
(3) absence of excessive air dilution^ as when the Jive doors are opened in 
connection with hand firing; and (4) self-cleaning grates. 

Daily records are essential with any type of stoker or hand firing if 
efficient results are expected, as only by frequent observation is it 
possible to determine the proper adjustment of air supply, depth of fire, 
rate of feed, and the like. Control of air supply is almost as important 
as the upkeep and effective operation. In the best firing practice the 
right amount of air, depth of fire, and rate of feed must be worked out 
by the engineer. 

Stokers are often condemned by owners as inefficient and inferior to 
hand stoking because no particular attention has been paid to them 
beyond filling the hopper with coal. They should be operated in strict 
accordance with the principles of design. 

In plants of 2000 horsepower or over, the installation of mcchaini(‘.td 
stokers and coal conveyors effects a considerable saving of labor and 
can usually be relied upon to solve the smoke probkun if Tx^asonabk^ 
attention is given to their operation. In smaller plants int^ca’ost on t-Iu^ 
investment and other considerations may make hand firitig more) 
economical, although many stoker-fired plants of (uipacities as small as 
200 horsepower arc giving satisfaction, particularly iu placx^s wheu-e a 
poor grade of fuel is used and smoke ordinances are rigidly cmforccHl. 
A stoker of the self-cleaning, slow-running type re(|uires mucth loss 
attention than the hand-fired furnace. With hand firing oiu^ fireman 
can efficiently attend to the water, coal, and ash(^s of al)out 200 horsev 
power, or handle coal for, say, 500 horsepower*, wlurxris with good 
automatic stokers equipped with overhead bunkers and down spoulis lie 
can readily take care of 4000 horsepower. 

The best stokers are those which are least complicatCHl and simpkvst^ 
in operation. A cheap stoker is a poor invesi-menf., mim tlu*. c.ost of 
repairs and shutdowns will usually amount to more than iho saving in 
price. 

The following outline gives a classification of a few of th<^ b(^sGknown 
American mechanical stokers: 


Babcock & Wilco^i: 

Chain Orates. 
McKenzie 

Leck'do-C.hristy 

Green 

Illinois 

Wesiinghouso 

Step Grates — Frontfeed. 

Overfeed. 

Stop (IratoH ““Sklofcod, 

Roney 


Murphy 

Wilkinson 


Detroit 

Acme 


Model 
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Jones 

American 


Underfeed. 

T aylor W estinghonse 

Riley Type “E” Combus- 

tion Engineering Co. 


Down Draft Sprinkler 

Hawley Swift 

Vulcan 

Powdered Fuel. 

See paragraphs 41-46. 


101. Chain Grates. — The standard type of chain grate is one of 
the most popular forms of automatic stokers for burning small sizes of 
high ash and free-burning bituminous coals. (30 to 40 per cent volatile 
matter and 10 to 20 per cent ash.) It is also adapted to lignites and 
the very high ash coals of the West. With low ash coals at high rates 
of combustion the grate is apt to become overheated, and breakage with 
attendant high maintenance may result. The standard chain grate 
embodies a moving endless chain of grate bars mounted on a frame with 
provision for the continuous and uniform feeding of coal into the furnace, 
the fuel and the grate moving together. As usually installed the surface 
of the grate is horizontal though in some designs it is given a slight 
incline toward the bridge wall. The operations of feeding the coal, 
carrying it through the progressive stages of combustion, removing the 
ashes and clinkers, and maintaining a clean grate and free air supply 
are automatic. The driving mechanism consists of a gear train actuated 
by ratchet and pawls, the arms carrying the latter being given a re- 
ciprocating motion by an eccentric mounted on a line shaft. The latter 
may be driven by any type of engine or motor and the speed of the 
grate regulated by varying the stroke of the arm carrying the pawls. 
Fuel is fed into a hopper placed at the front end of the furnace and the 
depth of the fuel regulated by a guillotine damper. The front part 
of the furnace is provided with a flat or slightly inclined ignition arch 
the function of which is obvious. The entire grate and driving mecha- 
nism is mounted on a permanent truck and may readily be removed from 
beneath the boiler. The thickness of the fire and the speed of the grate 
should be so regulated that when the fuel has reached the end of the 
grate it shall have been completely consumed and incandescent ashes 
only will be discharged into the pit. With chain-grate stokers there 
may be considerable leakage of air between the grate and bridge wall, 
through the coal in the hoppers, under the coal-gate and through the 
fire bed at the rear where it is mostly ashes unless care is used in regu- 
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lating the depth of fire and ash bed and provision is made for preventing 
this short circuiting of the air supply. 

In the “Illinois’’ chain grate the live grate area may be varied by 
means of dampers placed immediately below the upper chain surface. 
This permits the use of a “short fire” at light loads without excessive 
air leakage. Chain grates as a class are seldom operated at loads ex- 
ceeding 250 per cent of the rated boiler capacity. 

Fig. 93 shows the general application of a B. & W. chain grate to a 
B. & W. boiler. The ignition arch is parallel to the grate and covers 



Pig. 93. Babcock and Wilcox Boiler, Chain Grate, Ordinary S(H»titig. 


a considerable portion of the grate surface. The bridges wall is fitt/cd 
with a water back as indicated, to prevent the grate bars from being 
burned. With normal uniform loads this st,yle of ignilfion aresh and 
setting insures practically smokeless combustion, but» (uircd'ul manipu- 
lation is necessary with rapidly fluctuating loads t,o prcv<^nt ilio for- 
mation of objectionable smoko. 

Fig. 94 shows an application of a Babcock & Wilcox (‘iiain grates to 
a horizontal water-tube boiler as installed at the (iuariy St.rcnd. Ht 4 it.ioii 
of the Commonwealth Edison Company. It will ho uoUkI that the 
stoker is applied to the rear of the setting. This arrangements of niolmv 
and Scwall baffling effects smokeless combustion, l)ut the life of thc^* fur- 
nace is short because of the low spring of the arch. 

Fig. 95 shows another arrangement of a Babcock & Wilcox t)oiler 
and chain grate with vertical baffling m installed in units 6 and 0 of the 



Fig. 94. Chaia Grate Fired from Rear End of Setting as Installed at Quarry Street Station, Commonwealth Edison Co., Chicago, 




Fi€. §a, Smokele^ Setting, Boiler Units 5 and 6, Quarrj' Street Station, Commonwealth Edison Co., Chicago. 
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Quarry Street Station and units 1 and 2 of the Northwest Station. 
This is a smokeless setting up to 175 per cent of rating. 

Fig. 96 gives the general details of a Green Type “K’^ chain grate 
as applied to a horizontally baffled water-tube boiler. This setting 
conforms with the requirements of the Chicago Smoke Department 
and is smokeless up to 200 per cent rating. 

The standard type of chain grate is not adapted to coking coals on 
account of the swelling and fusing action of the fuel under the ignition 
arch. The chain grate may be modified to burn this class of fuel by 
introducing inclined coking plates immediately under the front of the 
ignition arch and agitating them mechanically during the period of 
distillation. This agitation prevents the coal from fusing together and 
by the time the fuel reaches the grate proper it no longer tends to cake. 
The Green Type “L” chain grate is an example of this modification. 

Chain Grates and Smokeless Settings: Power, Oct. 13, 1914, p. 532; Oct. 20, 1914, 
p. 560; Nov. 3, 1914, p. 658. 

Overfeed Step Grates. — In stokers of the overfeed step grate 
type coal is pushed in at the top of the slope and caked by the aid of 
a fire-brick arch and fed downward progressively by the movement of 
the grate bars aided by gravity. The upper portion of the bars is 
arranged to retain the uncaked part of the coal, changing to larger open- 
ings in the lower portion where the coal has fused and combustion is 
chiefly that of fixed carbon. The clinker collects at the bottom where 
it is crushed by rolls or dumped. Since the fixed carbon combustion 
occurs directly on the grate all overfeed stokers are subject to over- 
heating and destruction of the grate bars may be considerable, particu- 
larly with high sulphur coals. Any of these stokers will operate effi- 
ciently with little trouble from clinker and burning if installed in properly 
designed furnaces and operated at their proper capacity. Very few 
stokers of this type are operated at loads exceeding 200 per cent of 
the rated boiler capacity and for this reason are not much in evidence 
in the modern large central station. The Roney stoker, Fig. 97, and 
the Wilkinson stoker. Fig. 98, are examples of the frontfeed type of 
step grates. The Roney stoker consists of a hopper for receiving the 
coal, a set of rocking stepped grates inclined at a proper angle from the 
horizontal, and a dumping grate at the bottom of the incline for receiving 
and discharging the ash and clinkers. The dumping grate is divided 
into several sections for convenience in handling. The coal is fed onto 
the inclined grate from the hopper by a reciprocating ^‘pusher” actuated 
by the ‘^agitator.’' The power is supplied through an eccentric oper- 
ated by a small engine or motor. The normal feed is about 10 strokes 
per minute. The grate bars rock through an arc of 30 degrees, assuming 
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Details of Constmctioo ot the Roney Mechanto] Stoker 


Fig. 97. Details of Eoney Stoker. 



Fig. 98. Details of Wilkinson Stoker. 
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alternately horizontal and inclined positions. The construction per- 
mits abundance of air to pass through the fuel, with little or no possibility 
of coal dropping through the grate. A coldng arch of fire brick is sprung 
across the furnace as indicated. This stoker operates with natural or 
forced draft and, with suitable headroom, effects complete and efficient 
combustion. 

In the Wilkinson stoker the inclined grate bars arc hollow and arc 
arranged side by side, every alternate bar being mova])le. When in 
operation there is a constant sawing action of the grate bars, causing 
the fuel to flow forward and downward. A small steam jet with about 
xV“inch opening is introduced into the end of each hollow grate bar, 
and induces the required amount of air for combustion through air 
openings approximately J inch wide by 3 inches long. These stokers arc 
driven by two small hydraulic motors. The water is furnished by a 
small pump and is used over and over again. 

Front Feed Stokers and Smokeless Settings: Power, Nov. 17, 1914, p 712. 

The sidefeed step-grate stoker is represented by the Murphy,’^ 
“Detroit,” and “Model.” Fig. 99. shows a front vertical section 
through a Murphy automatic stoker and furnace. The apparatus is 
in effect a Dutch oven equipped with an automatic feeding and stoking 
device. Coal is introduced either mechanically or by hand into the 
magazine at each side of the furnace and above the grate and descends 
by gravity upon the coking plate. Reciprocating stoker boxes pusli the 
coal upon the grate bars. Every alternate grate bar is movable and 
pivoted at its upper end. A rocker bar driven by a small motor or 
engine causes the lower ends to move up and down, this a,(‘dion pro- 
ducing the required stoking effect. A device for grinding up (he (linker 
and ash is provided as shown at the bottom of the furnacjc. This is 
hollow and is connected by a 2-inch pipe with the smokc^. flu(^, so that 
the cold air passing through prevents it from ])oing destroyed by the lu^at. 
Air is supplied to the green coal through flues passing undca* ilie coking 
plates, and the speed of the stoker boxes and grate bars ca<n b(^ regu- 
lated to conform to any rate of combustion. On account of Gui largx^ 
fire-brick combustion chamber, this stoker witli carc^ful manipulation 
is capable of practically smokeless combustion. 

Side Feed Stokers and Smokeless Settings: Power, Nov. 8, 1914, p. 802. 

103. Underfeed Stokers. — This type of stoker has prac(i(5ally stip- 
planted all other types in the modern large central staiiou burning 
coking bituminous coals and is adapted to all grades and sizers of frcH) 
burning bituminous coal. The underfeeds arc csscuiially forccMl draft 
stokers, since they operate with restricted air openings and very d(H^p 



SMOKE PREVENTION, FURNACES, STOKERS 


211 



Fig. 99. Murphy Furnace. 
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fires. The forcing capacity is tremendous, reaching as high as 450 
per cent of rating. With this class of stoker headroom is the principal 
factor. For smokeless combustion special brickwork is not necessary 
and coking arches may be dispensed with entirely. Some of the best- 
known underfeeds are the Jones, Taylor, Riley, Westinghouse, Com- 
bustion Engineering Company’s Type and American. 

Fig. 100 shows the general principles of the Jones underfeed stoker. 
It consists of a steam-actuated ram with a fuel hopper outside of the 
furnace proper and a fuel magazine and auxiliary ram within. Air for 



combustion is admitted through openings in the tuyere blocics on eii/hcr 
side of the retort. Coal is fed into hoppers and forced unde/r the bod 
of fuel in the stoker retort, where it is subjected to a coking action. 
After liberation of the volatile gases the coke is pushed toward the top 
of the fire. The top of the fire, nearest the boiler, is always incandc^sccnt. 
Each charge of coal is given an upward and backward movement. 
Air is admitted through the tuyere blocks at the point of distillation 
of the gases. Grate bars form no part of the Jones syst-cun, and it is 
therefore impossible for the fuel to fall through. Theix^. is no ash pit. 
The non-combustible matter is removed from the furmic-c by liand. 
The standard size of the retort is about 6 feet in length, 28 ineiies in 
width, and 18 inches in depth, and (experience has shown that< otluir 
sizes are not necessaiy since the spaces between rcitort and side wall 
of the various furnaces may be provided for by ex1’.ending the widtli 
of the dead plates. One or more stokers arc insialknl in (^acdi furnace, 
depending upon the capacity of the boiler and the width of furnace. 
The steam pressure automatically controls air and fiuJ supply, propor- 
tioning them to each other and to varying loads in thc^. correct/ de.grcK). 
The result is that the stoker effects (complete and Bmokcl(^.ss (sombuHt/ion. 
The only variable clement in the operation of this stoker, omo it, is cor- 
rectly installed, is cleaning of fires, but if the fireman is (‘.arcful to burn 
down the coals before breaking thorn up the production of smoker may 
be avoided. Jones underfeed stokers ar(‘, adaptable to all griubs and 
sizes of bituminous cioal, and on account. of forced draft arc (capable of 
burning very low grades of coal 
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Fig. 101 shows the general details of a Taylor undeiieed stoker for 
burning bituminous coals. The device consists essentially of a series 
of alternate retorts and tuyere boxes inclined as indicated. Each 
retort is fitted with two rams — the upper for pushing the green fuel 
outward and upward and the lower one for forcing the fuel bed and 
refuse toward the dump plates at the real’. Air is supplied by a volume 
blower and enters the furnace through openings in the tuyere boxes. 
The dump plates are hung on the rear of the wind box and are con- 
trolled from the front of the stoker. Extension grates are inscu-ted 
between the mouth of the retort and the dump plates, when the nature 
of the fuel makes this arrangement desirable. This extension may be 
rocked if necessary. In the later designs of this stokc'r the dump 
plates are actuated by a steam cylinder. The valve mechanism is 



placed at the side door so that the operaior can manipula,t.e Irhc dump 
plates in full view of the ash and clinker. The pla(.(^ is so diwigncid that 
it can be rocked without dumping, hence a similar motion in the exten- 
sion grates is unnecessary. The stiokcr and blowcw an! op(!rat(!(l by t,lie 
same engine, the air and coal supply bcung automatically controlUid 
by the variation in steam pressure. Taylor si.okers may bo oiiiirate.d 
smokelessly and efficiently at v<',ry heavy ov(!rloads and aro much in 
evidence in the eastern states. The steam rtKiuircd to op(!rat(! tho blower 
and stoker varies from 2.5 to 5 per cent of tho Htt!am geueraUid, d(!p('.nding 
upoii the size of tho installation and tho pc'.rco.titagc! of ratfnig d(!Vo.lop(!tL 
The Riley, Fig. 102, is a multiple retort stoker with an inoliuo, of 
about 20 degrees. Tho distinctive feature of this stoker is that the sides 
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Fkj. 103. Duplex Furnace with Riley Underfeed Stokers. 


of the retort reciprocate relative to the bottom. This causes the fuel to 
be moved at a uniform rate out of the retort and across the ash-sup- 
porting plates until it is discharged through the adjustable openings 
next to the bridge wall. No special shape of wind box is required with 
this stoker since the air chamber is formed by the boiler side walls and 
any convenient floor The air supply may be controlled by hand or 
automatically. One man can operate ten or twelve stokers; siftings 
are negligible amounting to 0.2 or less and the wind box and retorts 
need bo cleared but once a month. The power required to operate the 
stoker is approximately | horsepower per retort. Fig. 103 illustrates 
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one of the latest installations of the Riley stoker for high efficiency and 
extremely high overload capacity. 

Maintenance Costs of Two 2365-Ap. Boiler Units with Taylor Stokers: Trans. 
A.S.M.E., Vol. 35, 1913, p. 327. Installation Data for Underfeed Stokers: Elec. Wld., 
Nov. 18, 1916, p. 1009. 

Underfeed Stokers: Power, Dec. 15, 1914, p. 838; Jan. 26, 1915, p. 132. 


104. SprinMIng Stokers. — In this system of stoking the fuel in 
finely divided form is distributed by sprinkling uniformly over the en- 
tire area of the grate. With 
the proper adjustment of air 
supply and feed the volatile 
gases are distilled off continu- 
ously before the grate is cov- 
ered by the new coal and 
without materially lowering 
the temperature of the incan- 
descent fuel. Mechanically 
the operation involves con- 
siderable difficulty. Sprinkling 
stokers do not conform to 
(Chicago requirements. 

Fig. 104 gives the general 
details of tlie Swift stok(a*, 
illustrating a commercially 
siKJcessful stoker of this typ(^. 
The apparatus is S(4f-(!()ntained 
and is bolted to a frame coast- 
ing in front of tJie seGing, and 
takes the place of thc^, fire 
door. It may be swung bacik 
from the fircMloor opening in 
mucJi the same mannea’ as tlie 
ordinary fire door. (k)al of 
nut si/.e or smaller is fcul into 
a small hopper, of about 300 pounds' capacity, from which it gravitatcjs 
on to a berm plate and pusher plate. By means of thc^ lat;tcn- t,he fuel 
is fed to rapidly revolving spreaders, which crush it into small particdcs 
and throw it onto the grate. The fine or powdered (%ml is burned in 
suspension and the heavier coal falls to the grate. The spreaders are 
heavy pieces of cast steel, revolving about a common axis and shaped 
helically so as to throw the fuel in a direction at right angles to the 
face of the machine. There are several of these sprt^aders so arranged 





Fig. 104. 


Swift Sprinkling Stoker. 
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on the shaft that adjacent spreaders throw the fuel in different directions. 
This stoker is not self-cleansing, that is, the ashes must be removed by 
hand or by suitable shaking grates. 

105. Smoke Determination. — Smoke measurements may be either 
quantitative or relative. 

The most satisfactory method, at this writing, of determining the 
quantity of smoke passing through a chimney is that adopted by the 
Chicago Association of Commerce. A continuous sample of chimney 
gas is drawn from the stack by means of a special Pitot tube and ex- 
hauster, and the solid particles are entrapped in a filter. The tube is 
so arranged that the rate of flow through the apparatus is the same as 
that in the chinmey. Since the area of the tube opening bears a fixed 
ratio to that of the chimney, the weight of carbon, cinders, soot and the 
like caught in the tube filter is a measure of the total weight emitted 
from the stack- 

Quantitative measurements are of considerable value in estimating 
the amount of energy lost in the production of visible smoke, but are 
seldom attempted in regular practice. 

There are several methods of determining smoke, relatively. The 
most common is that devised by Ringelmann, and is commercially 
known as the Ringelmann Smoke Chart. The chart, as published by 



No- No. 2. No. 3. No. 4. 

Fig. 106. Ringelmann. Smoke Chart (Greatly Reduced). 

the XJ. S. Geological Survey and used by the Smoke Department of 
the City of Chicago and other municipalities, consists essentially of a 
cardboard folder 12 by 26 inches over all. Four charts are printed on 
this folder, each chart consisting of 294 squares, 14 squares wide by 21 
squares in length, the width of the lines and spacings varying as illus- 
trated in Fig. 105. At a distance of 50 feet from the observer the lines 
become invisible and the cards appear to be of different shades of gray, 
ranging from very light gray to almost black. The observer places the 
chart on a level with the eye (at the distance stated, and as nearly as 
possible in line with the chimney) and notes which card most nearly 
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corresponds with the color of the smoke. Observations should be made 
at 15-second intervals and recorded as in Fig. 106. No smoke is re- 
corded as No. 0, 100 per cent as No. 5, and the intermediate colors as 
indicated by the cards. 

Experienced observers often record in half-chart numbers. Although 
these observations depend upon the personal element it is the opinion 
of the Chicago Smoke Department that only a little experience is neces- 
sary to effect consistent results with different observers. 



Tune 


Fig. 106. Smoko Record Chart. 


Prior to 1910 a chimney was hold to l)o a .smoker miisancc by Iho 
Chicago smoke inspection autlioritics when it eiuiticd smoln^ of No. 8 
density, according to the Riugclniann chart., for 7 nunut.es during oix^ 
hour, as based on the original ordinance. Wit.h t.iii.K standard t.lwi 
owners of a chimney which emitted but a very small tol,a,l (luant.iiy of 
smoke might be liable to punishment, whereas, wit.h a ehimiKy whi<!h 
continuously emitted smoke of a density kws t.lian No. k, t.hci ownei-s 
would be safe from legal prosecution, although the, total (luaat.it.y ('mitt.ed 
might be many times as great. 

The total smoke emitted is now t,akon into (fonsichu'ation. ()bs(ir- 
vations are made on a given stack ewery b5 seconds t.hroughoul. l.lu( 
entire day and the total “smoke units” an', recordcnl, from whitdi the 
average smoke density for the oni.ire period is cal(;ulal.(aL 

A “smoke unit” is the o(iuivale,nt of No. 1 .smokii (Uingelmaiin 
scale) emitted for one minut,e. No. 1 smoke has a (kiusil.y of 20 p(^r 
cent; No. 2, 40; No. 3, 60; No. 4, 80; and No. 5, 100 per e(‘,nt. Tluw, 
if a stack emits No. 3 smoke for 6 minutes, 18 smoln^ units ans (•,hnrg(!d 
against it. If this smoke was cmittwl during one hour’s observation, 
then 


3 X 6 X 20 
60 


0 p<!r eeiit 


is the average density of smoko einitUsd during the p<',riod of tjbserva- 
tiou. 
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If observations on a given stack show that the density averages 
more than 2 per cent, although the owner may not be legally liable, 
an appeal is made to his personal and civic pride by a representative 
of the smoke-inspection department. For example, if a certain hotel 
stack emits smoke of more than 2 per cent average density, the smoke 
department finds a plant record of similar design and equipment, 
preferably a hotel plant, which shows a record weU below the 2 per 
cent mark. This plant is then pointed out to the owner or manager 
having the objectionable chimney and he is asked if he cannot do 
equally well when he has practically the same equipment, etc. 

It has been found that this method of procedure often produces quicker 
and better results than a threat to go to law. 

New Methods of Approaching the Smoke Problem: Osborne Monnett, Jour. Wes. Soc. 
Engrs., Nov. 4, 1912. 

DIVISIONS OF MESH: RINGELJMANN’S SMOKE CHART. 


Numbers give 
Relative Smoke 
Density. 

Thickness of 
Lines, mm. 

Distance in the 
Clear between 
Lmes, mm. 

0 

All white 

All white 

1 

1 

9.0 

2 

2 3 

7.7 

3 

3 7 

6.3 

4 

5 5 

4.5 

5 

All black 




Fx(i. 107. Haininler-Eddy Smoko Recorder — Motor-driven Type. 

The Hamnilcr-Eddy smoke recorder, Fig. 107, is one of the most 
successful devices for automatically recording the density of the smoke 
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rx<3. lOS. Sectional EleYations of tKe Green Furnace for Burning Bagasse. 
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Fig. 109. End and Side Sectional Elevation of the Myers Tanbark Furnace. 
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independent of personal observations. This apparatus consists essen- 
tially of a small motor-driven vacuum pump, which draws a continuous 
sample of the products of combustion from the uptake, breeching or 
stack and discharges it against a paper-covered drum revolved by 
clockwork. The density of the smoke, the time at which visible smoke 
is being emitted and the duration of the smoke-production period are 
automatically recorded on the paper by the smoke itself. Before 
reaching the pumps the gases pass through a glass '^emergency'’ con- 
denser and a large portion of the vapor content is removed. The 
pump discharges the partially dried gases against a surface of sulphuric 
acid (which removes the last trace of moisture) and forces the smoke 
in the form of a small jet of dry powder onto the surface of the record- 
ing paper. The sampling tube leading from the flue to the pump is 
connected with a steam line and is ^T)lown out’^ each time a card is 
changed. The instrument is very compact and portable and may be 
placed anywhere with respect to the chimney. A number of i-hes(^ 
appliances in Chicago power plants arc giving excellent sai,isfa(;tion. 
In a more recent design the pump is replaced by a steam siphon. 

106. Cost of Stokers. — The following is the relative approximate 
cost of stokers suitable for a Babcock and Wilcox boiler ol 3r)()-hors(y 
power rated capacity with 45 square feet of gralx^ surfacx^-; hciglit of 
chimney above grate, 175 feet; coal bunnal, Illinois screenings. The 
cost of installation included, (‘xclusivo of brickwork, is 


1. Chain grate and appurU'iiamu's i$15()() 

2. Jones underfeed stoker 1101) 

3. Hawley down-draft furnaeo. . 1350 

4. Burke smokeless furnac5C‘ 1000 

5. Roney stoker 1300 

6. Murphy furnace and stok(‘r .. 1350 

7. Wilkinson stoker 1200 
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CHAPTER V 

SUPERHEATERS 

107. Advantages of Superheating. — That superheated steam results 
in ultimate plant economy is evidenced by the fact that the largest 
and most economical plants in the world are equipped with superheaters. 
With very high pressures and temperatures, initial cost and upkeep 
may offset the thermal gain due to the use of superheated steam, but 
in general, a hmited amount of superheat effects ultimate economy in 
nearly all cases. Practically all modern central turbo-generator stations 
and large isolated piston engine plants are designed for superheated 
steam. No general rules can be drawn as to the extent of the saving 
made because of the great number of variable factors entering into the 
problem. Each installation must be considered by itself and due con- 
sideration given to such items as the type and size of prime movers, 
character of service, nature and cost of fuel, piping, first cost, upkeep 
and the like. The logical procedure is to determine the saving in fuel 
regardless of other factors and then deduct the extra expense due to first 
cost and upkeep. The resulting net gain or loss will show whether or 
not the use of superheat is advisable. 

Theoretically, all types of steam-driven prime movers show increased 
hcaf ej06Lcicncy with superheated steam, but the gain is usually less than 
that actually realized in the commercial mechanism. Aside from the 
gain in the prime mover there is the possible added efficiency in the 
boiler plant. It is true that the heat required to superheat steam is 
fxirnished by the fuel and when a definite weight is superheated an added 
amount of fuel must be burned, but with a properly designed super- 
heater integral with the boiler the over-all efficiency of boiler and super- 
heater is usually somewhat higher than if saturated steam alone were 
generated, so that the added amount of fuel is less than the heat gained 
})y the steam. In addition to the thermal gain in the prime mover and 
boiler there may be a reduction in heat losses in the piping system be- 
cause smaller pipes may be used and because superheated steam gives 
up heat less rapidly than docs wet steam. Furthermore, the increased 
economy of the prime mover may permit a reduction in the size of boilers, 
condensers and other auxiliary apparatus. 

The principal advantages of superheated steam in connection with 
piston engine work arc: 
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1. At high temperatures it behaves like a gas and is, therefore, in a 
far more stable condition than in the saturated form. Considerable 
heat may be abstracted without producing liquefaction, whereas the 
slig htest absorption of heat from saturated steam results in condensa- 
tion. If superheat is high enough to supply not only the heat absorbed 
by the cylinder walls but also the heat equivalent of the work done 
during expansion, then the steam will be dry and saturated at release. 
This is the condition of maximum efficiency in a single cylinder. (Rip- 
per, “Steam Engine Theory,” p. 155.) Greater superheat than this 
may result in a loss of energy unless the steam is exhausted into another 
cylinder. To obtain dry steam at release the steam at cut-off must be 
superheated from 100 to 300 deg. fahr. above saturation temperature, 
depending upon the initial condition of the steam and the number of 
expansions, a higher degree of superheat being required for earlier c.ut- 
off. A superheat of from 250 to 350 deg. fahr. at admission is necessary 
to insure dry steam at release in the average smglc-cylindcr engine 
cutting off at one-fourth stroke, boiler pressure 100 pounds gauge. In 
most cases superheat is only carried so far as to reduce initial (ionden- 
sation, the steam becoming saturated at cut-off, thus permitting efficient 
lubrication. There will be a reduction of approximately 1 pei- (iont in 
cylinder condensation for every 7.5 to 10 degrees of superheat. In 
compound and triple-expansion engines the sleam is ordinarily super- 
heated between each stage as well as before admission to the high- 
pressure cylinder. 

2. A moderate amount of superheat produces a large ine, reuse in 
volume, the pressure remaining constant, and diminishes the weight 
of steam per stroke for a given amount of work. For example, the 
volume of one pound of .saturated steam at 1(55 pounds prewsuro (ab.so- 
lute) is 2.75 cubic feet, and its temperature is 3(50 deg. fahr. T1 m>. 
total heat of one pound of this steam al>ovc the freesdng point is 11!)5 
B.t.u. By adding 108 B.t.u. in the form of supcrlwuit Hh tempera!, urc 
will be increased to 565.8 deg. fahr. (superheated 200 dc^g. fahr.) and it,H 
volume to 3.68 cubic feet (specific heat taken as 0.54). Thus an in- 
crease of 9 per cent in the heat effects an increase! of 34 per (t(!n(, in the 
volume, which means a corresponding reduction in the w(!ight, of Ht,(!um 
admitted to the engine per stroke. The*so figures arc purely theoreti<!al, 
as no allowances have been made for exnuleusation of the Ha(,urated 
steam or for reduction in temperature of the Hup(!rh('.ate(l steam. 

3. Superheated steam has a much lower thermal eoiuluctiviiy than 
saturated steam, and, therefore, loss heat is absorbed pc'.r unit of time 
by the cylinder walls. 

The water rate of the steam turbine is decsreascwl by superheating 
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but to a less extent than the piston engine. Theoretically the improve- 
ment in steam economy is the same for both types of prime movers, 
pressure and temperature ranges being the same in each case, but in 
actual practice the gain is more pronounced with the piston engine. 
In general, the less economical the steam motor the more is the gain 
effected by superheating. Aside from the gain in heat efficiency the 
use of superheated steam benefits the turbine by reducing erosion of 
the blades and by lowering skin friction and windage. The fact that 
nearly all modern steam turbine plants are operated with superheated 
steam is evidence that superheating results in ultimate plant economy. 

108. Economy of Superheat. — Many comparative tests of engines 
and turbines using saturated and superheated steam under varying 
conditions of pressure and temperature have been made during the 
past few years, showing in all cases decreased steam consumption due 
to superheat. In the majority of moderately superheated steam in- 
stallations the ultimate gain was a substantial one, but in a few cases 
involving the use of very high temperatures and pressures, the extra 
investment and cost of maintenance neutralized the reduction in steam 
consumption, resulting in an actual loss when measured in dollars and 
cents per unit output. With high degree of superheat (over 250 deg. fahr.) 
apparatus of a special nature is necessary and it is questionable whether 
the additional first cost, care and liability to operating difficulties, up- 
keep and maintenance will not offset any fuel saving accomplished. 

As far as steam consumption per horsepower-hour is concerned, super- 
heating usually increases the economy of the piston engine from 5 to 15 
per cent and in some instances as much as 40, the latter figure referring 
to the more wasteful types. A fair estimate of the average reduction 
in steam consumption per horsepower-hour with moderate superheating, 
that is, from 100 to 125 deg. fahr., based on continuous operation of 


existing plants, is: Percent. 

1. Slow running, full stroke, or throttling engines, including direct- 

acting pumps 40 

2. Simple engines, non-condensing, with medium piston speed, in- 

cluding compound direct-acting pumps 20 

3. Compound condensing Corliss engines 10 

4. Triple-expansion engines 6 


European builders guarantee steam consumption with highly super- 
heated steam (total temperatures 750 to 850 deg. fahr.) as follows: 

Pounds per 
I.hp-hour 


Single-cylinder condensing engines (unifiow) 8.5 

Single-cylinder non-condensing engines (unifiow) 12.0 

Compound condensing engines (locomobile) 8.0 

Compound non-condensing engines (locomobile) 10.5 
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An exceptionally low steam consumption is credited to a locomobile 
compound using steam superheated to 806 deg. fahr. at an initial 
pressure of 220 pounds absolute. When exhausting against an ab- 
solute back pressure of 1.32 pounds the steam consumption was 6.95 
pounds per i.hp-hour. (Zeit. des Ver. deut. Ingr., Mar. 18, 1911, p. 415.) 

In high-pressure steam turbines the water rate is improved approxi- 
mately one per cent for every 8 to 12 deg. fahr. superheat; the higher 
rate holding for about 50 degrees superheat and the lower for about 
200 degrees. It is difficult to estimate the actual gain in heat economy 
due to superheating in very large turbines, since they are not designed 
for saturated steam and tests with the latter do not offer a true compar- 
ison. In a general way the average reduction in steam consumption 
for these large units is about 1 per cent for every 10 deg. fahr. in- 
crease in superheat. One of the best recorded performances is that of 
a 20,000-ldlowatt turbo-generator installed in the New River station 
of the Buffalo General Electric Co.; with initial absolute pressure of 
265 lb. per sq. in., 275 deg. fahr. superheat and absolute back pressure 
of 1 inch of mercury, the steam consumption was 10.25 lb. pen* kilowatt-- 
hour. 

In comparing the performances of engine and turbines using sat-uraied 
steam it is advisable to base all results on the heat- consunual per unit 
output rather than on the steam consumption, siiuu'. t-ho lattcu- is apt 
to give a false idea of the relat-ive economies. The n^al nunusure of 
economy is the cost of producing power, taidng into c.()nsid(u*a(ion. all 
charges, fixed and operating, and the next txvst is t.he ooal c-onsumpt-ion 
per unit output, but as a means of comparing the motors only, th(‘. 
heat consumption per unit out-put is veay satisfacd-ory. (H(h^ f)ara- 
graph 162.) 

See paragraph 182 for the influence of sup(u*heat on (x'onomy of 
reciprocating engines and paragraph 221 for i-he inlliuuKH^ on st-ea-m 
turbines. 

109, Limit of wSuperheat. — In this eoimt-ry steam t.(atip(U’a-(-ure,s (ex- 
ceeding 600 deg. fahr. arc seddom cnuployed, wldle In Europe', few if 
any plants arc installed without superluuiterH, and (KK) (k'gnx^s is a. 
common temperature with a maximum of about- 850. is no 

particular mechanical difficulty in dc^siguing power plant- appa-rat-us 
to withstand temperatures as high as 850 deg. fahr,, and for indust-rial 
purposes steam tempcjraturcs of 1000 deg. fahr. are not. luu'.ommon, hut- 
first cost and maintenance usually olTscd- any thermal gain aca^omplistuxl 
except- perhaps where fuel is veiy high and labor is ciieap. In this 
country when) fuel is comparativ(dy cheap but mattnia-l and labor art', 
high, a moderate amount of superheat appears to effeed/ thc^ bc'^si (axmomy. 
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Experience has shovtn that with engines of orciinar3^ design, slide- 
valves and Corliss, the temperature at the throttle should not exceed 
500 deg. fahr. This corresponds to a superheat of 160 degrees with 
steam at 100 pounds gauge pressure, and 130 degrees at 150 pounds. 
This degree of superheat insures practically dry steam at cut-off in the 
better grade of engines. Just how far superheating can be carried with 
a given engine of ordinary construction can be determined by experiment 
only, but a temperature of 500 degrees is probably an outside figure 
and 450 degrees a good average. Higher temperatures are apt to inter- 
fere with lubrication and sometimes cause wmrping of the valves. With 
temperatures below 450 degrees no difficulties are ordinarily met with. 

With highly superheated steam involving temperatures of 600 deg. 
fahr. or more, the poppet-valve type of engine (Figs. 196, 203) is or- 
dinarily employed, though balanced piston and specially designed 
Corliss valves are not uncommon. The poppet valve is not distorted 
by heat and requires no lubrication. In Europe these engines have 
been brought to a high state of efficiency, but have not been generally 
adopted in this country. The steam end of the composite gas-steam 
engines at the Ford Motor Company's plant, Detroit, are of Corliss 
valve design and though the steam at admission has a temperature of 
700 deg. fahr., no difficulty is experienced with lubrication. 

Owing to the absence of rubbing parts in contact with the steam, 
and because the casing is not subjected alternately to high and low 
temperatures, steam turbines may be designed to operate successfully 
with temperatures up to 800 deg. fahr., though temperatures above 
600 deg. are exceptional. The majority of turbine installations in 
this country, including the very latest, are designed for temperatures 
under 650 degrees. 

Properties of Superheated Steam. — See Chapter XXII. 

How to Use fluperheatcd Steam: Eng. Mag., May, 1916, p. 208; June, 1916, p. 413. 

110. Types of Superheaters. — Superheaters are manufactured by 
practically all boiler builders, the characteristics of the boiler being 
embodied to a large extent in the design of the superheater. The 
superheater may be independently fired or placed in the boiler setting. 
In the latter arrangement the superheater may be located in the furnace, 
as in Fig. 53, at the end of the heating surface as in Fig. 116, or at some 
intermediate point, as in Figs. 55 and 110. Since the absorption of 
heat depends chiefly upon the average temperature difference between 
the gases and the steam and the extent of superheating surface, the 
required degree of superheat may be obtained from a small extent of 
heating surface in the furnace, a large amount in the rear of the heating 
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surface or a proportionate amount in intermediate locations. In a 
general sense the sum of the boiler heating surface and superheating 
surface per boiler horsepower is practically the same for any degree of 
superheat. The cost of a superheated steam boiler is approximately 
equal to that of a saturated steam boiler since the superheated plant has 
less steam to generate. The requirements of a successful superheater 
are : 

1. Security of operation, or minimum danger of overheating. 

2. Economical use of heat applied. 

3. Provision for free expansion. 

4. Disposition so that it may be cut out without interfering with 
the operation of the plant. 

5. Provision for keeping tubes free from soot and scale. 

Superheaters may be separately fired or indirectly fired. The advan- 
tages of the separately fired superheater are: 

1. The degree of superheat may he varied independently of tlu^ ])cr- 
formance of the boiler. 

2. It may be placed at any desired point. 

3. Repairs are readily made without shutting down the boile.r. 

Some of the disadvantages arc: 

1. It requires separate attention. 

2. Saturated steam only can be furnished to the prime moveu's in 
case of a breakdown to the superheater. 

3. Extra piping is required. 

4. Extra space is required. 

The indirectly fired superheater arratiged in tlu', boiler matting has 
the advantage of: 

1. Lower first cost. 

2. Pligher operating oj0S.ciency. 

3. Minimum attention. 

4. Minimum space requirements. 

As ordinarily installed the indirectly fired Buperheateri is subject 
to the fluctuating temperatures of the furnace so tliat forcing boiler 
has a similar effect on the superheater.; In sonic ciusos the Huptnh(^atcr 
adjusts itself automatically to the load nHiuinmienis’ inaintaining a 
constant degree of superheat at all loads, but in most eases 
of superheat increases with the load, sec 'Fig. 124, | Biauclard central 
station practice in this country favors the superheater eoni^ained within 
the boiler setting. 

Figs, no and 111 show the application of Buporimiting coils to a 
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Fici. 110. Babcock and Wilcox Superheater. 
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Babcock and Wilcox boiler illustrating the usual location of the in- 
directly fired type. The superheater consists of two transverse square 
wrought steel manifolds into which two sets of 2-inch cold drawn seam- 
less steel tubes bent to a shape are expanded. The tubes ordi- 
narily are arranged in groups of four. Saturated steam flows from the 
dry pipe located within the drums to the upper manifold. The latter 
is divided into as many sections as there are drums so as to avoid 
expansion strain. From the upper manifold the steam passes through 
the shaped tubes to the lower one (which is continuous) and thence 
to a cast-steel ^'superheater center fitting supported over the drum. 
The “superheater center fitting is provided with a superheated steam 
outlet and an extra opening for the reception of the superheater safety 
valve. Tliis safety valve is furnished as a part of the regular ecpiip- 
ment and is set two pounds lower than the safety valves of th(^ boiler. 
This is essential so as to provide a flow of steam through tlu'. superheater 
and to prevent any overheating of the latter in case tlu^ load should ho 
suddenly thrown off the boiler. A small pipe conm^cts tlu', (aait(a’ 
fitting with the saturated steam space in the drum and is for pur- 
pose of equalizing the pressure when the discharge from the supcM’l uniter 
is closed. While a flooding device is not necessajy ii-s us(^. is r(U‘.()m- 
niended by the Babcock & Wilcox Company. This (consists essenthilly 
of a small pipe connecting the lower manifold wiiii th(^< wai-(n' si)a(‘<(^, of 
the boiler and by means of which (,he supcniieal.cM* may Ik'. floodtul. 
Any steam formed in the superheater tubes is nt.uriuHl ifO tfu', boiha^ 
drum through the collecting pipe which, when tiu^ sui)erheat.(a- is a.t 
work, conveys saturated steam into the uppen- manifold. When st.cnun 
pressure has been attained the superlunitca* is thrown into a,(tion by 
draining the water away from the manifolds and opening ilu^ sup(aiu‘a(-(a* 
stop valve. With the proportion of superluuding surface (x) l)oil(a’ sur- 
face ordinarily adapted the steam is superheated from 100 to 1,50 d(‘g. fa.hr. 



Fig. 112. Section Through Superlieaior llead(^r and Tulx^s showing Mhtluxl of I fold- 
ing Coro in Place: Babcock <& Wilcox Huperheater as Appiicnl to HtirUiig Iloilci’, 

When the boiler construction permits of only one iiikd) and otu» oul.lcd^ 
connection to ilu^ supcnlu^ater the Babcock and Wihtox suptnluaiUa’ 
is modified l)y using one set of tubes fitted with conss. Huch 

a modified type is used in coimectiou with the Hiirliug l)oil(a\ The 
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cores are made of Ko. 13 B.W*G. tubes plugged at one end and inserted 
in the straight portion of the 2-inch superheater tubes^ thereby causing 
the steam to flow through the annular space. Fig. 112 shows a cross 
section through an element of the superheater header and tubes, illus- 
trating the method of holding the core in place. 

Fig. 113 shows the application of a Foster superheater to a Babcock 
and Wilcox boiler. This device consists of cast-iron headers joined by 
a bank of straight parallel seamless drawn-steel tubes, each tube being 
encased in a series of annular flanges placed close to each other and 



Fig. 113. Foster Superheater in Babcock and Wilcox Boiler. 


forming an external cast-iron covering of large surface. The protection 
tvfforded by this external covering is ample to prevent damage from over- 
heating duriirg the process of steam raising, and flooding devices are 
unnecessary. The tubes are double, the inner tube serving to form a 
thin annular space through which the steam passes as indicated. Caps 
are provided at the end of each element for inspection and cleaning 
purposes. Foster superheaters are more costly than plain-tube super- 
heaters, but are longer lived and offer a much larger heating surface 
in proportion to the space occupied. 

The '^Schwocror” superheater, which is somewhat similar in external 
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appearaace to the Foster, differs from it considerably in detail, the 
heating surface being made up of suitable lengths of cast-iron pipe 
ribbed outside circumferentially and inside longitudinally. The ends 
of the pipes are flanged and connected by cast-iron U-bends. The 
intention is to provide ample heating surface internally and externally, 
with a compact apparatus. 

Fig. 114 shows the application of a Heine superheater to a Heine 
boiler, illustrating the installation of a superheater within the boiler 
setting but entirely separated from the main gas passages. The super- 
heater consists essentially of a number of l|-inch seamless steel tubes, 
bent to U-shape and expanded into a header box of the same type 
of construction as the standard Heine boiler water leg. The interior 
of this box is divided into three compartments by light sheet-iron dia- 
phragms, so as to deflect the current of steam through the tubes. The 
superheater chamber is located above the steam drum as indicated. 
The gases of combustion are led to the superheater chamber through a 
small flue built in the side walls of the setting. A damper placed at 
the outlet of the flue controls the flow of gases and regulates the degree 
of superheat. No provision is necessary for flooding the superheating 
coils since the gases may be entirely diverted from the heating surface. 
Soot accumulations are readily removed by introducing a soot blower 
through the hollow stay bolts. 

The Schmidt independently-fired superheater, Fig. 115, consists of 
two nests of coils, A and D, of equal size and dimensions, connected 
to cast-iron headers 0 and I. Saturated steam enters the first nest 
of coils through C and passes into header 0. From 0 the steam, which 
is now dried, and partly superheated, flows through the cast-iron pipe 
E to header I, and thence through the second nest of coils into header 
adjoining 0, and through pipe R to the engine. In chamber D the 
steam and gases flow on the counter-current and in chamber A on the 
concurrent principle. This combination permits of a low flue tempera- 
ture and high steam temperature without subjecting the tubes to an 
excess of heat as would be the case if the steam left the coils A at header 
/, where the furnace gases are the hottest. A steam temperature of 
750 deg. fahr. and a flue temperature of 450 deg. fahr. are easily main- 
tained with this apparatus. A mercury pyrometer T is fitted where 
the superheated steam enters the discharge pipe R, A thermometer 
cup L permits of checking the pyrometer *by means of a nitrogen-filled 
thermometer. Each coil can be taken out separately and a new one 
put in without removing the others or dismantling the plant. Water 
produced by condensation while the superheater is inoperative collects 
in the bottom header N and escapes through a drain cock. If the steam 
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3:ig. 115, J:>climidt Independently-fired Superheater, ^ 
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supply should be suddenly shut off, the air door P is opened automati- 
cally by weight K, As soon as steam begins to flow it raises the weight 
through the opening of valve C and the door closes. The Schnaidt 
superheater when arranged in the flue has practically the same construc- 
tion as the independently fired. 

Moderji Superheater and its Performance: Ry. Age Gaz., June 30, 1916. 

111. Materials Used in Construction of Superheaters. — Most super- 
heaters are constructed either of wrought steel, cast iron, or cast, steel, 
the latter material having the advantage of not being damaged by any 
temperature to which it is likely to be subjected, which does away with 
the necessity of damper mechanisms and simplifies the installation. 
Cast-metal superheaters are usually ribbed after the fashion of an air- 
cooled gas engine, and are, therefore, very heavy and thick walled, 
necessitating a higher temperature for the same useful effect than in 
the case of the wrought-iron construction, but have the advantage of 
minimizing fluctuation of steam temperature which would otherwise be 
caused by a wide variation in temperature of furnace. One of the most 
successful cast-metal heaters is of European design and is constructed of 
a special alloy known as ^^Schwoerer” iron. Table 42 gives the yearly 
cost of repairs to piping and necessary brickwork for a number of in- 
stallations equipped with cast-metal superheaters of the “Schwocrer^^ 
type. 

Wrought steel offers the advantage of lightness, ease of construction, 
and low first cost, but cannot be exposed to very high temperatures 
without injury, and consequently provision must be made for diverting 
the direction of the heated gases or for flooding the coils while the 
boiler is being warmed before steam is generated. 

The effect of temperature on superheater materials is shown in Fig, 
118. It will be seen that the tensile strength drops off very rapidly for 
temperatures beyond 600 deg. fahr. Because of this rapid (UHjreasc 
in tensile strength of materials with the increase in temperatnre, sixuun 
is seldom superheated to temperatures above 850 deg. fahr. 

For further information pertaining to the effect of tcmptu'aturc^ on 
various metals, consult “The Effect of High Temperatures on ihc! Physi- 
cal Properties of Some Metals and Alloys'^; The Valve World, Jan., 
1913, published by the Crane Co., Chicago. 

Ordinary cast-iron valves and fittings have shown permanent in- 
crease in dimensions under high superheat and in numerous instances 
have failed altogether, but sufficient data arc not available to prove 
conclusively the unreliability of cast iron if the iron mixture is properly 
compounded and the necessary provision is made for expansion and 
contraction. Authorities are of the opinion that the failure of castriron 



^TESAGE YEARLY EXPENSES FOR REPAIRS FOR CAST-IRON SUPERHEATERS (“ SCHWOERER ” TYPE) AS OBTAINED FROM 

SIX PLACES OF INSTALLATION. 

(Otto Berner, Power, August, 1904.) 
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fittings is due more to fluctuations in temperature than to the actual 
high temperature itself and cite numerous cases where ordinary cast- 
iron fittings under uniform temperature conditions are giving satis- 
faction vuth highly superheated steam. Notwithstanding the claims 



that cast iron properly compounded is a pcuferttly ndiaidc) itud.al foi- 
fittings, engineers are inclined to use cast or forged st(i(il, at leasli in this 
country. See “Effect of Superheated Steam on (last, Iron and SU’c.l, ” 
Trans. A.S.M.E., Vol. 31, 1909, p. 989. 

113. Extent of Superheating Surface. — The reciuircd exttnil, of super- 
heating surface for any proposed installation dejxuids upon; (1) tJio 
degree of superheat to be maintained; (2) the vcdochy of tlu^ sleam 
and gases through the superheater; (3) the characite.r of the superlu^atm-; 
(4) the weight of steam to bo superhoated; (.5) the moisture, in thts wot 
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steam; (6) the temperature of the gases entering and leaving the super- 
heater; (7) the conductivity of the material, and (8) cleanliness of the 
tubes. 

Since the heat absorbed by the steam in the superheater is equal to 
that given up by the products of combustion, neglecting radiation, this 
relationship may be expressed 

SUd = Wc ih - fe), . (53) 

in which 


S = square feet of superheating surface per boiler horsepower, 

U = mean coefficient of heat transmission, B.t.u. per hour per 
degree difference in temperature, 

d — mean temperature difference between the steam and heated 
gases, deg. fahr., 

W = weight of gases passing through the superheater per boiler 
horsepower-hour, 

c = mean specific heat of the gases, 

ti = temperature of the gases entering superheater, deg. fahr., 

== temperature of the gases leaving superheater, deg. fahr. 


Transposing equation (53), 

S = 


Wc (k - h) 
Ud 


( 54 ) 


The heat transfer from the products of combustion to the steam may 
also be expressed 

SUd = wo' (ts — t)y (55) 

in which 

w = weight of steam passing through the superheater, pounds per 
boiler horsepower-hour, 

c' = mean specific heat of the superheated steam, 
ts = temperature of the superheated steam, deg. fahr., 
t = temperature of the saturated steam, deg. fahr., 

Sj Uj and d as in equation (53). 

For wrought-iron or mild steel tubes U varies as follows: 

17 = 1 to 3 for superheaters located at the end of the heating surface 
= 3 to 5 for superheaters located between the first and second pass 
of water tube boilers 

— 8 to 12 for superheaters located immediately above the fur- 
nace in stationary boilers, in the smoke box of locomotive 
boilers, and in separately fired furnaces. 


General practice allows J to i square foot of superheating surface per 
boiler horsepower for mild steel superheaters located in the furnace; 
from 2 to 2.5 square feet of surface at the end of the first pass, and from 
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3 to 4 square feet at the end of the heating surface for superheats of 
from 100 to 150 deg. fahr., boiler pressure 150 pounds absolute. 

The Foster Superheater Company allows 6 B.t.u. per lineal foot per 
degree difference in temperature for their ^Hwo-inch^^ element where 
the average temperature of the gases is about twice the mean temper- 
ature of the steam. 

For all engineering purposes d may be determined with sufficient ac- 
curacy from the relationship 

^^2 2 * 

Notations as in equations (53) and (55). 

An empirical formula for determining the extent of superheating 
surface in connection with indirect superheaters which appears to con- 
form with practice is derived by substituting 

[7 = 3 , d = m ; = 30 , c ' = 0 . 5 , 


in equation (55) [J. E, Bell, Trans. A.S.M.E., 29-267]. Thus: 
Sxs(t' - = 30 X 0.5 X (i. - t), 


from which 


S = 


_ 10 (4 - 0 


2t' -L-t’ 


(50) 


f (the mean temperature of the product of combustion where iho. sup<',r- 
heater is located) may be approximated from equation 


= 0-172 H + 0.294, (.57) . 

in which 

H = the per cent of boiler-heating surface between the point at 
which the temperature is t and the furnace, 
t as in (56). 

Equation (57) is based upon the assumption that the heat trans- 
ferred from the gases to the water is directly proportional to tlu^ cliffci*- 
ence in temperature; that the furnace temperature is 25()() ihg. fahr,; 
flue temperature 600 deg. fahr.; steam pressure 175 pounds per S(|uare 
inch gauge; one boiler horsepower is equivalent to 10 sciuare, of 
water-heating surface; and that there is no heat absorbed by direct 
radiation. 


Example 15. What extent of heating surface is necessary to superhe^at 
saturated steam at 175 pounds gauge pressure, 200 deg. fahr*, if the 

* Sec also paragraph 280. 
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temperature in degrees FAHRENHEIT OF HOT GASES SWEEPING HEATING SURFACE. 

IiG. 119. Curve Showing Relation between Gas Temperature and Extent of Heating Surface Passed over. 
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superheater is placed in the boiler setting where the gases have already 
traversed 40 per cent of the water-heating surface? 

Substitute H == 0.4 and t = 378 in equation (57), 

^ = 0.172 X 0.4 + 0.294, 

(4' -378)“'® ^ ^ 

from which 

t' = 950. 

Substitute t' — 950, 4 = 578, and ^ = 378 in equation (56), 

10(578 ~ 378)* 

^ “ 2 X 950 - 578 - m 
= 2.12 square feet. 


The curve in Fig. 119 was plotted from equation (57) and gives a 
ready means of determining t' and of observing the law governing heat 
absorption by the boiler between furnace and breeching. The abscissas 
represent the temperatures of the hot gases at different points in their 
path between furnace and breeching. The ordinates represent (1) the 
per cent of boiler-heating surface passed over by the hot gases, and 
(2) the per cent of the total heat generated which is absorbed by tliis 
heating surface. 

In the use of equation (57) the probability of error is greatest when 
considering a point near the furnace, since large quantitievs of heat arc 

transmitted to the tubes by radiation 
from the fuel bed which arci not t-aken 
account of. For most practical pur- 
poses the assumption is suffici(uitly 
accurate. 

Fig. 120 gives the probable hunper- 
ature range of gases (mt(n’ing supca*- 
heater after passing ovc^.r a givem \K)r 
cent of boiler-heating surface and 
Fig. 121 shows the reladon Ixdiwcxai 
superheating surfaces and boiler heat- 
ing surface. (iSee Powen^, Nov. 7, 
1911, p. 696.) 

It will bo found that the boiler- 
heating surface pc^r boika* horso.powc^r 
will be decreased in almost the same proportion that tfui superluxiting 
surface is increased, so that the sum of the boiler-heating surfaces and 
superheating surface per boiler horsepower will be very nearly ttm same 
for any degree of superheat. 

113. Ferformance of Superheaters. — Published tests of both directly 
and indirectly fired superheaters cover such a wide range of conditiotis 



Boiler Heating Surface ITBod, 
before jEeachlng Superlieator 

Fig. 120. Temperature Range of Gases 
in Superheater. 
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Fig. 121. Relation between Superheat 
and Boiler Heating Surface. 



Horse Power Produced in Boiler 
Fig, 122. Ratio of Horsepower Produced 
in the Superheater to that Developed in 
the Boiler. 
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Degrees in SuperUeat-P 

Fig. 123. Relation of Degree of Super- 
heat to Total Horsepower Developed. 



Fig. 124. Relation of Degree of Superheat 
to Horsepower of Superheater. 




244 


STEAM POWER PLANT ENGINEERING 


of installation and operation that general conclusions cannot be drawn, 
but it may be of interest to note briefly the performances in a few 
specific cases. 

The curves in Figs. 122, 123, and 124 are plotted from tests of a Bab- 
cock and Wfilcox boiler, with 5000 square feet of water-heating surface, 
equipped with superheating coils of 1000 square feet area, as illustrated 
in Fig. 93. The furnace with ordinary short ignition arch was pro- 
vided with chain grate of 75 square feet area. 

Fig. 122 shows the relation between degrees of superheating and total 
horsepower of boiler and superheater. 

Fig. 123 shows the relation between horsepower produced in the 
boiler and the percentage of boiler horsepower produced in the super- 
heater. 

Fig. 124 shows the relation between the degree of superheat obtained 
and the horsepower developed in the superheater. 

Tables 42 to 45 are taken from the report of Otto Berner (“Zeit. d. 
Ver. Dent. Eng.” and reprinted in Power, August, 1904). 

Table 42 compares the heat efficiency of a steam plant, equipped with 
indirectly and with separately fired superheaters, the former showiiig a 
much higher efficiency. 

Table 43 compares different ])oilers with and without, flu(‘. super- 
heaters, showing the effect upon the temperature of thc^, fliu^. gasc^s. 
The gain in heat efficiency of the entire plant due to tlu^ us('. of tlic 
superheater is decisive in each case. 

Table 45 shows the gain in heat efficiency due l,o t,he us(^ of super- 
heaters in a number of plants equipped with fire-tube boiUu’s. 

Table 46 gives the results of tests on one of the return t,ubula,r l)()il(M\s 
at the Spring Creek Pumping Station of the Brooklyn Waterworks 
(Feb. 9, 1904) with and without a superheater, Tlie sui)eriiea,t(r*, of 
the Foster type, was installed between tlie rear wall of iho set, ling a,U(l 
the tube sheet. 

Although the results in Tables 42 to 4G represent pra(j(,ice of i,(ui years 
ago, they agree substantially with current praci,icc 5 (1910). 



DIFFERENCE IN HEAT EFFICIENCY OF SUPERHEATERS INSTALLED IN FLUE AND SEPARATELY FIRED SUPERHEATER. 

(Otto Berner, Power, August, 1904.) 
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TABLE 44. 

decrease in temperature of gases of combustion due to superheater installed in flue. 

(Otto Berner, Power ^ August, 1904 ). 


246 


STEAM POWER PLANT ENGINEERING 



936.49 

182.99 

26.47 

With 

Super- 

heat- 

ing. 

O W 

lO to CO » 0 1 ® IN. lO 

CO oot-IinOcudSM tH W 

T-t to CO to CX) =D OI oi 

r-C to 

With- 

out 

Super- 

heat- 

ing. 

3.70 

26.32 

149.33 

32 

798.4 

49.3 


3,089.35 

1,054.9 

64.58 

With 

Super- 

heat- 

ing. 

2.03 

11.79 

150.75 

109.04 

471.2 

536 

78.6 

8.5 

18.9 

17.4 

With- 

out 

Super- 

heat- 

ing. 

2.47 

14.54 

149.33 

101.3 

590 

71.9 



1,955. 8d 
Schwoerer 
Patent 
45.21 

With 

Super- 

heat- 

ing. 

2.10 

14.02 

121.73 

65.4 

442.4 

489.7 

60.18 

7.6 

10.7 

8.8 

With- 

out 

Super- 

heat- 

ing. 

rH CDS TtC CO- 
CO t- OS <N 00 C £5 

(M to CCl CO • 40 

t-h CM to Ctt -to 

r-< tH 



2,529.61 

645.85 

65.97 

With 

Super- 

heat- 

ing. 

CDS o to 

CO O IN CD OCJ CO^ ^ CO 

csj CO 1 -H OS (M 05 40 CD OS 

CM CSO CSO 05 > CO tO 
y-H to to 

With- 

out 

Super- 

heat- 

ing. 

2.91 

27.84 

182.68 

89.9 
654.98 

55.9 



2,884.83 

344.45 

51.02 

With 

Super- 

heat- 

ing. 

CO -"Cjc OO OO 

O x-crocoooto • C 50 OO os 

CM OsoOtOl'DcO* O o 

rH ^ CD (XJ • 

rH 'liC TH • 

With- 

out 

Super- 

heat- 

ing. 

2.68 

19.57 

149.6 

43.97 

500 


3,584.51 

81.8 

With 

Super- 

heat- 

ing. 

2.23 

13.55 

131.51 

104.72 

462.2 

424.94 

2.3 

4.8 

9.4 

With- 

out 

Super- 

heat- 

ing. 

2.46 

14.23 

130.8 

107.6 

554 




^ 
CD CD 
CD CD 
t+H «+-t 

CD CD 

f-4 ^ 

d d 
P P 
a" u* 
xfim 


d CD 
"Ch <d 


TO 

CD cs3 
CD S 

CL 
O 3^ 


d 

P 

u* 

U2 


d 
CD 

u 

. -- 

O 

g 

o 


i 


‘3 

a 

p 

Pi 



■y o 2F fl Cl 

I 2 s g 


g 3 43 

§ “ D. 

I. ^ 9 HI ^ 

■§•1 is a .-,•■ ~ 


5 . C> Cl 4=4 ^ S 

® S? 2 i"® ols '^’2 
f-23Sg 

' ® ^ 3 §•? §* 


r 'S 
§ 2 

5|-|g 







INCREASE IN HEAT EFMCIENCy OP THE BOILER DUE TO SUPERHEATER. 
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TABLE 46. 

{Engineer, U. S., May 1, 1904 ) 


Time of start . 
Time of finish 


Hours run 

Average steam pressure 

Average water pressure, triple expansion, 

head in feet 

Average water pressure, compound, head 

in feet ^ : •• 

Average vacuum of suction for triple and 

compound, inches of mercury 

Total head on triple, feet of water 

Total head on compound, feet of water . 

Total double strokes, triple 

Total double strokes, compound 

Gallons pumped from piston displacement, 

total, triple 

Gallons pumped from piston displacement, 

total, compound 

Gallons pumped from piston displacement, 

total, triple combined 

Gallons, total, pumped as measured by weir 

Per cent slip 

Foot pounds, weir 

Total coal consumed 

Per cent refuse 

Total refuse * 

Total feed water 

Duty per 100 pounds coal 

Duty per 1,000 pounds steam 


With Superheater. 

Without Superheater 

12 noon, Feb. 8 

11 A.M., Feb. 11 

12 noon, Feb. 9 

11 A.M., Feb. 12 

24 

24 

79.3 lb. 

79.41b. 

0.90 

1.05 

7.10 

7.10 

22.90 

23.21 

29.05 

29.46 

33.04 

33.39 

30,557 

34,114 

35,395 

; 32,158 

2,854,023 

3,186,247 

2,930,706 

2,662,682 

5,784,720 

5,848,930 

4,492,680 

4,549,480 

22.3 

22.2 

1,163,815,819 

1,184,983,590 

5,015 Ib. 

6,410 lb. 

23 7 

18.7 

1,188 

1,203 

38,399 

50,960 

23,206,696 

18,486,483 

30,308,498 

23,253,213 


Per cent increase of work per 100 pounds coal 25.5 

Per cent increase of work per 1000 pounds steam 50,2 

Per cent saving in coal per foot pound work 20.2 

Per cent saving in feed water per foot do unci work 23.2 

Average temperature steam leaving superheater 527.4 dog. fahr. 

Average temperature steam entering superheater 320.1 d(sg. fahr. 

Average degree superheat 207.3 deg. fahr. 


PROBLEMS. 

1. Required the sq. ft. of superheating surface necoBsary to Haporhc^al; 10, 000 II). 
of saturated steam per hour at 200 lb. abs., to 250 deg. fahr, if the Huperhc‘a(,er in 
placed in the boiler sotting where the gases have already traversed 35 per cemt of the 
water-heating surface. 

2. Required the mean temperature of the products of combustion passing through 
a superheater of 3815 sq. ft. of heating surface if 66,000 lb. of stemrn are superheatcul 
from saturation at 265 lb. abs. to 250 deg. fahr.; lb. gas per lb. of steam, 2A); mean 
coefficient of heat transfer, 5. 

3. If the furnace gases enter a superheater at a tcmperatxire of 1200 deg. falir. and 
leave at 900 deg. fahr., required the weight of steam superheated from saturaiion 
at 265 lb. abs. to 250 deg. fahr.; lb. gas per lb. of steam 2.0. Neghnst all Umm. 



CHAPTER VI 


COAL AND ASH-HANDLING APPARATUS 

114, General. — The cost of coal and its delivery into the furnace 
are usually the largest items in the operating charges; hence large 
central stations are located, when practicable, adjacent to a railway 
line or water front, to minimize the cost of handling coal and ashes. 
Isolated stations in the business districts of large cities are usually 
unfavorably situated, so that the cost of handling coal and ashes is a 
large percentage of the total fuel cost. In large stations the amount 
of fuel and ash handled frequently warrants the expense of elaborate 
conveyor systems which would not be justified in smaller plants. In 
whatever way coal is ^ supplied provision should be made for storing a 
quantity sufficient to operate the plant for some time in case the supply 
is interrupted, thereby guarding against an enforced shut-down. 

If adjacent to a railway line, a side track must be provided for switch- 
ing the cars. As the furnishing of bottom-dumping cars cannot be 
depended upon, provision should be made for unloading by hand or 
by grab bucket. If coal is delivered by water, clam-shell drop buckets 
are ordinarily used for unloading the barges. If the power house is 
located at some distance from the railroad or water the coal is generally 
hauled by teams or motor trucks in two- to five-ton loads. 

115. Coal Storage. — In small stations the storage bins or coal 
bunkers may usually be located within the building, but in larger plants 
the quantity of coal consumed daily is frequently such that an immense 
space would be required to furnish storage capacity for even a short 
period of time. For example, the requirements of the Northwest Sta- 
tion of the Commonwealth Edison Company are approximately 3000 tons 
of Illinois coal per day of 24 hours. One day^s supply would occupy a 
space 100 feet square and 12 feet high. Seventy-five railway cars per 
day would be required to supply this amount of coal and in addition 
about ten cars of ashes would have to be removed. The futility of stor- 
ing the coal in cars is evidenced by the fact that about two and one-half 
miles of track would be necessary to carry only a four days^ supply. In 
this particular plant there is yard space for storing 300,000 tons in two 
piles, or sufficient to run the plant for three months. 

Exposed coal piles are objectionable, because of freezing in winter, 
the crust sometimes freezing so hard as to necessitate the use of dyna- 
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mite to break it; moreover, a slow depreciation in heat value takes 
place, especially with bituminous coal. This depreciation is more 
rapid in w^arm w^eather and in the tropics. Stored coal is oftentimes 
subject to spontaneous combustion, particularly when there is a large 
content of iron pyrites. Storage under water minimizes spontaneous 
combustion and depreciation in heat value. (Consult references below.) 

Coal bunkers or hoppers are ordinarily placed on the same level with 
the boiler-room floor or above the boiler setting. The former is the 
cheaper as far as the first cost is concerned, but necessitates additional 
handling of the fuel before it can be fed to the stokers. In the overhead 
system the coal gravitates to the stoker through down spouts. Over- 
head bunkers are usually found where real estate is costly. They are 
generally constructed of steel plates lined with concrete or of reenforced 
concrete. The bottoms slope at an angle of 35 to 45 degrees and empty 
into the coal chutes or down spouts. Fig. 130 shows the general ap- 
pearance of a steel plate overhead bunker and Fig. 136 that of the sus- 
pended type. In some bunkers the floors are made with very slight 
slopes, but it is not advisable to use a slope less than the angle of repose 
of the coal, as it may be necessary to shovel the coal over the spouts. 
Convenience in framing makes the 45-degree slope the more desirable. 
Separate bunkers for each boiler are preferred to continuous bunkers, 
since fire in the coal is more readily prevented from spreading. In 
the new power house of Swift & Co., Chicago, 111., the bunkers are of 
circular cross section instead of rectangular, as is the usual practice. 
The capacity of the cylindrical hopper is considerably less than that 
of a rectangular hopper of the same width, but is much cheaper to 
construct. 

Ash bins are invariably lined with concrete or brickwork, since thc^ 
corrosive action of the ashes would soon destroy the bare iron, and are 
usually located as in Fig. 130 so that they may bo discharged by gravity. 
The angle of repose of most ashes is approximately 40 degrees, but the 
45-degree angle is preferred on account of convenience in construction. 

Coal Storage Under Water: Elec. Wld., Oct. 7, 1911, p. 885; Eag. News, Dots. 24, 
1908; EL Ry. Jour., June 24, 1916, p. 1191. 

Calorific Value of Weathered Coals: Bulletin No. 17, Univ. of 111, Aug. 26, 1907; 
Eng. News, Jan. 11, 1912, p. 64. 

Spontaneous Combustion of Coal: Jl. Ind. and Chem, Eng., Mar., 191 L 

Suspended Coal Bins: Power, Apr. 23, 1912, p. 602. 

Concrete Coal Cylinders: Eng. News, Mar. 2, 1916, p. 420. 

116. Coal Handling Methods. — The best method of delivering coal 
to the furnace and of removing refuse from the ash pit is the one which 
will effect the desired result at the lowest ultimate cost. That this 
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problem does not offer a simple solution is evidenced by the almost 
endless combinations found in practice for the same operating conditions. 
The principal factors which influence the choice of system are size and 
location of plant and cost of fuel and labor. In public service plants 
continuity of operation may be of even greater importance than re- 
duction of cost and extra investment may be considered advisable to 
offset the unreliable labor element. Of the various methods found in 
current practice the following are the more common: 

1. Hand shoveling. 

2. Wheelbarrow or hand car and shovel. 

3. Continuous conveyors: 

Spiral or screw, 

Scraper or flights, 

Apron and buckets, 

Overlapping pivoted buckets, 

Endless belt. 

4. Hoist and hand car. 

5. Hoist and automatic cable car. 

6. Hoist and trolley: telpherage. 

7. Clam shell buckets. 

8. Vacuum system. 

9. Combinations of the above. 

117. Hand Shoveling. — Where possible, the coal is dumped direct 
from the cars or wagons into bins located in front of the boilers. In 
such instances one man may handle the coal and ashes and attend to 
the water level of 200 horsepower of boilers equipped with common 
hand-fired furnaces. With hand-shaking and dumping grates 300 
horsepower may be fired by one man and from 800 to 1000 horsepower 
with automatic stokers. This refers, of course, to average good coal 
not too high in ash nor productive of much clinker. Sometimes the 
coal cannot be stored in front of the boilers but must be hauled by 
wheelbarrow, cart, or rail car. For distances over 100 feet and quanti- 
ties over 20 tons per day the cost of handling the coal in this way may 
justify the installation of an automatic conveyor system. Hand-fired 
furnaces and manual handling of coal and ashes are usually associated 
with small plants of 500 horsepower and under, but a number of large 
stations are operated in this way with apparent economy. A notable 
example is the steam power plant of the Wood Worsted Mill, Lawrence, 
Mass., in which 40 return tubular boilers are fired by hand. A tipcart 
with a capacity of one ton brings the coal a distance of 100 to 200 feet 
to the firing floor, and firemen shovel it on to the grate. Four men 
are stationed at the coal pile. One man drives two carts (one of which 
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is being filled while the other is gone with its load) , sixteen firemen attend 
to the furnaces, and two men dispose of the ashes. 

Most large plants, however, are equipped with conveying machinery, 
not so much because of the possible reduction in cost of operation, tak- 
ing into consideration all charges fixed and operating, as because of the 
large and often unreliable labor staff which it dispenses with. Hand 
shoveling is sometimes necessary even with modern unloading devices 
on accoimt of the freezing of coal in the cars. This is particularly true 
of washed coals, and it is not unusual to have an entire car load solidly 
frozen. In this case it has to be picked and shoveled by hand, or the 
unloading tracks must be equipped with steam pipes and outfits for 
thawing purposes. A good man is capable of shoveling 40 to 50 tons of 
coal in eight hours when unloading a car, provided it is only necessary 
to shovel the>oal overboard. For cost of handling material by wheel- 
barrow and hand shoveling see end of paragraph 123. 

118. Continuous Conveyors and Elevators. — The most popular method 
of automatically handling coal and ashes in the modern power plant 
is by means of continuous conveyors and elevators. They may be 
divided into two general classes: 

1. Those which push or pull the material, but in which the weight 
of the load is not borne by the moving parts. 

2. Those which actually carry the load. 

A few of the more important types will be treated briefly. 

Screw or Spiral Conveyors. — These consist of a stamped or rolled 
sheet steel spiral secured by lugs to a hollow shaft (usually a st<andard 
or extra heavy pipe) revolving in a trough which it fits approximately. 
Standard sizes range from 3 to 18 inches in diameter and in sections 
from 8 to 12 feet long. 


TABLE 47. 

SPEEDS AND CAPACITIES OF SCREW CONVEYORS. 
(Fine Coal and Ashos.) 


Diam. screw, in 

6 

7 

8 

9 

10 

12 

U 

m 

18 

Max. r.p.m 

115 

110 

105 

100 

95 

90 

cS5 

80 

75 

Capacity per hr., fine coal, tons 


7 

14 

IG 

21 

3G 

48 

80 

110 

Ashes, cu. ft 

'i25 

175 

350 

425 

550 

950 

1200 

2000 

2700 


On account of the torsional strain on the shaft the maxirmim kmglh 
seldom exceeds 100 feet. Single sections, may l)c used as fecMlers on 
inclines up to 15 degrees. Low first cost, compactness and adapidihiliiy 
to space requirements are the advantages of this type l)ut theses may bo 
offset by high power consumption and excessive wear. The followitig 
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equation gives a means of approximating the power requirements for 
horizontal runs: 

Horsepower = (58) 

in which 

C = 0.7 for coal and 1.0 for ashes, 

]¥ = capacity in lb. per minute, 

L = length in feet. 

Fig. 125 shows an application of a screw conveyor for handling coal 
as installed in a modern isolated station. 



Fig. 125. Screw Conveyor as Installed in the Power Plant of a Tall Office 

Building. 


Scraper or Flight Conveyor. This consists of a trough of any desired 
cross section and a single or double strand of chain carrying flights 
or scrapers of approximately . the same shape as the trough. The 
flights scrape the material along the trough discharging at the end of 
trough gate controlled openings in the bottom of the conduit. Three 
types of flight conveyors are in common use; plain scraper, suspended 
flights and roller flight. In the plain scraper the flights are suspended 
from the chain and drag along the bottom of the trough. In the sm- 
pended flight conveyor the flights are attached to cross bars having wear- 
ing-shoes at each end and do not touch the trough at any point. The 
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roller flight differs from the suspended type only in the substitution of 
rollers for the wearing-shoes. A typical installation of scraper and 
roller flight conveyors is illustrated in Fig. 126. The coal conveyor is 
a single strand roller flight, 80 feet in length between centers, driven by 
a 5-hp. electric motor. It has a capacity of 15 tons of buckwheat coal 
per hour. The ash conveyor is a single-strand drag-chain with 87 ft. 
centers on the horizontal run and 6 ft. between vertical centers. The 



Fig. 126. Scraper and Drag Conveyor as Installed in a Power Houho of the OtiH 

Elevator Company. 


chain operates in an extra heavy cast-iron trough sot in a cement trcncli 
and is operated by a 5-hp. motor. Flight conveyors arc low priced and 
offer an economical and efficient means of handling coal and ashes in 
small plants. 

Avron Conveyors are commonly used for conveying coal from track 
hopper to the main conveyor and elevator. The most ekrncntary 
form consists of flat steel plates attached between two chains and form- 
ing a continuous platform or apron. Since the load is carried and not 
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Fig. 127. Apron Conveyors as Installed in the Power Plant of the G. M. & St. P. R. R., Minneapolis, Minn. 
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dragged less power is required than with the scraper type and the main- 
tenance is lower. These carriers are not suitable for elevating material 
except at an inclination not exceeding 30 degrees. End discharge only 
is possible. Fig. 127 shows a typical apron conveyor installation. 

Pan Conveyors and Open Top Conveyors are similar to the apron carriers 
except that pans or buckets take the place of the flat or corrugated 
apron plates. These conveyors are used where pans deeper than those 
of an apron conveyor are required, as on inclines too flat for elevators 



Fig. 128. Typical Installation of V-Buck(‘t Conveyor for Ilaudliug (Jotil and 
Cast-iron Pan Conveyor for Ifandling AsIk’sh. 


and too steep for efficient operation of flight or apron conveyors. ( km- 
veyors of this type are usually run at speeds of 30 fi;. to 50 fi,. per min- 
ute and when equipped with self-oiling rollers of G-incli to 8-in(ih (liam(di(ir 
demand but little power for their operation ahov(^ ihcHirctical load 
requirements. Fig. 128 shows an installation of a cast-iron pan conveyor 
for handling ashes. 

The power required to operate flight, apron and open top (jonveyors 
may be closely approximated by the following empirical (Kjuatiom''* 


Hp. = 


AWL^ 

'lOOO 


BIT 

1065 


+ X 


(59) 


* C. K. Baldwin, The Robins Conveying Bdt Co. 
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in which 

Hp. = the horsepower required at the conveyor drive shaft, 

A, B = constants as in Table 48, 

W = weight of conveyor per ft. of run, lb., 

L = distance between centers of head and tail sprockets, ft., 

S = speed of conveyor, ft. per min., 

T = capacity of conveyor, tons (2000 lb.) per hour. 

X = 1 for conveyors up to 100 ft. centers and 2 for longer con- 
veyors. 

If the conveyor is composed of portions on different inclines compute 
the power for each section separately and add 10 per cent for each change 
in direction. 


The V -Bucket Conveyor consists of a series of V-shaped buckets 
rigidly fastened to the conveyor chain. The buckets act essentially 
as a drag conveyor on horizontal runs, each bucket pushing its half- 
spilled load ahead of it through a suitable trough. On vertical runs 
they act as elevators. A typical V-bucket conveyor for handling coal 
and a pan conveyor for handling ashes are illustrated in Fig. 128. The 
power requirements may be approximated from the following empirical 


equations: 
in which 


AWUS BLiT TH 
1000 1000 ■*" 1000 ’ 


(60) 


L' = horizontal length of conveyor, ft., 

Li = total horizontal length traversed by the loaded bucket, ft., 

H = total vertical traverse, ft., 

x' = number of 90-degree turns in the conveyor. 

Other notations as in equation (59). 


TABLE 48. 


VALUES OF CONSTANTS IN CHAIN CONVEYOR POWER FORMULAS. 


^ngle of 

A. 

B. 

Scraper, Apron and 
Open Top. 

B, 

V-Bucket and Pivoted 
Bucket. 

with Plori- 
zontal Deg. 

Sliding 

Block. 

33i-in. 

Roller, 

;U-in. 

Pm. 

j C-in. G-in. 

Roller, Roller, 
U-in. IHn. 

Pin. Pm. 

Anthra- 

cite 

Coal. 

Bitu- 

minous 

Coal. 

Ashe.s. 

Si-in* 

Roller, Roller, 
?-m. 1 |-in. 

Pm. Pm. 

6-m. 

Roller, 

U-in. 

Pm 

0 

0.030 

0 0043 

0 0046 0.0050 

0.33 

0 60 

0.54 

0.071 0.076 

0.083 

6 

0.030 

0.0043 

0.0046 0.0050 

0.43 

0.69 

0.63 

0.17 0.18 

0 19 

12 

0.030 

0.0042 

0.0045 0.0049 

0.54 

0.79 

0.73 

0.28 0.28 

0.29 

18 

0.029 

0.0041 

0.0044 0.0048 

0.63 

0 88 

0.82 

0.38 0.38 

0.39 

24 

0.028 

0.0039 

0.0042 0.0046 

0.72 

0 95 

0.90 

0.48 0.48 1 

0.49 

30 

0.026 

0.0037 

0 0040 0.0043 

0.79 

1.02 

0.97 

0.57 0.57 

0.58 

36 

0.025 

0.0035 

0.0037 0.0040 

0.86 

1.08 

1.03 

0.65 0.66 

0.66 

42 

0.023 

0.0032 

0.0034 0.0037 

0.92 

1.12 

1.07 

0.73 0.73 

0.74 

48 

0.020 

0.0029 

0.0031 0.0033 

0.97 

j 1.15 

1.11 

0.80 0.80 

0.81 




I^G. 129. Peck Carrier and Appurtenances. 
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Fig. 130. Coal and Ash-handling System in the Power House of the South Side 
Elevated Railway Company, Chicago. 
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The Pivoted Overlapping Bucket Conveyor is perhaps the most popular 
type of continuous conveyor for large power plant service. It consists 
essentially of a continuous series of buckets pivotally suspended between 
two endless chains. The buckets at all times maintain their carrying 
position by gravity whether the chain is horizontal, vertical or inclined. 
By means of this system no transfer of material is necessary and dis- 
charge may be made at any desired point. Fig. 129 gives a diagram- 
matic arrangement of the Peck Carrier illustrating the principles of 
a complete coal and ash-handling system and Fig. 130 illustrates its 
application to a typical boiler plant. 

Coal is discharged from the railway cars into a track hopper and from 
there delivered by a feeding apron’' into a crusher which reduces it 



Fig. 131. Crusher and Cross Conveyor at the Power Plant of tlie 8outh Sidt^ 
Elevated Station, Chicago. 


to such a size as can be conveniently handled by the si-okers. It is 
then discharged into a short apron or pan conveyor, whi<‘R (uirricts it 
to the main system of buckets, and it is elevated to the proper kwc^l a.n(i 
discharged into the overhead bunkers. The discharge is (dlVcdcal by 
special tripping devices which engage the bucikots and turn tlicm oven*. 
The ashes are dumped from the ash pit through a scric^s of (^hutc^s intfO 
the lower run of buckets, by which they arc elevated Jind discliargcHl 
into the ash hopper alongside the coal bunkers. From the asli hopper 
the ashes discharge by gravity directly into the railway cars below. 
The system is operated by means of two motors, one driving tlie crusher 
and the other the main bucket system. Th(i buckets ar(^ mack', of 
malleable iron. 

In Fig. 129 the coal is fed to the crusher by the ^rixH'iprocating f('.(',der/’ 
which is usually placed directly under the track hopper. Thc'. focider 
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consists of a heavy steel plate mounted on rollers and having a recipro- 
cating movement effected by a crank mechanism from the carrier. 
The amount of coal delivered depends upon the distance the plate 
moves, and this can be varied by changing the throw of the eccentric. 



Pio. 132. Coal and Ash'-haudling System of the Commonwealth Edison 
Company, Northwest Station.” 


The number of strokes corresponds to the number of buckets. Any 
size coal can be readily handled. When the distance from track hop- 
per to carrier is so great that the reciprocating feeder is not practi- 
cable, a continuous or “belt” feeder is used to supply the crusher mth 
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fuel The “equalizing gear^’ is designed to impart a pulsating motion 
to the driving sprocket wheel which will counteract the natural pulsa- 
tion to which long pitch chains are subject; producing violent increase 
of the normal strain at frequent intervals. This is accomplished by 
driving the spur wheel with an eccentric pinion, causing the pitch line 
to describe a series of undulations corresponding to the number of 
sprockets on the chain wheel. Figs. 130 and 131 show the general 
arrangement of crusher and “cross conveyor’^ in the old portion of the 
South Side Elevated Power House, Chicago. 

A coal and ash system similar to the one illustrated in Fig 129 for n 
plant consisting of eight 350-horsepower boilers will cost in the neigh- 
borhood of $8000, completely installed. This does not include the 
cost of coal and ash bunkers. 



Pig. 133. Driving MochauLsm of Hunt (/oiivcyor. 


The Hunt Conveyor, Fig. 133, while usually called a “ bucked con- 
veyor, is in fact a series of cars connected by a chain, (iae^h having a 
body hung on pivots and kept in an upright position by gravity. The 
chain is driven by pawls instead of by sprocket wheels. Tlu^ “l)U(ikefcs^’ 
are upright in all positions of the chain, consequently the chain can be 
driven in any direction. The change of direction of tins chain is ac- 
complished by guiding the carriers over curved tracks. The chain 
moves slowly, and the capacity is governed by the size of tins bu(*,kets. 
The ordinary size buckets carry two cubic feet of coal and move at a 
rate of fifteen buckets a minute, carrying about 40 tons per hour. 
Two methods of filling the buckets are employed, the “moaHuring^^ 
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and the spout filler/^ In the former each bucket is separately filled 
with a predetermined amount by a suitable ''measuring feeder/^ In 
the latter the material is spouted in a continuous stream, necessitating 
the use of overlapping buckets to prevent spilling of the material. 
Fig. 134 shows an application of the Hunt system to the power plant 
of the Rhode Island Suburban Railway, Providence, R. I. 

The power required to operate carrier conveyors of the pivoted 
bucket type may be approximated from formula (60), using the proper 
value for B as given in Table 48. 



Fig. 134, Coal and Ash-handling System, Rhode Island Power House. 


Belt Conveyors have a distinctive advantage over most other types 
of carriers in that they may be driven from any point in their length. 
The driving machinery is extremely simple; power is applied to one 
or more pulleys over which the conveyor belt passes. The maximum 
width of conveyors is limited only by the fiber stress in the belt. Con- 
veyors 1000 feet from center to center handling 500 tons per hour 
have been successfully operated. Inclinations are limited by the angle 
of repose of the material. In power plant service they seldom exceed 
20 degrees^ 
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The Robins Belt ConveyoT, Fig. 135, consists essentially of a thick 
belt of the required width driven by suitable pulleys and carried upon 
idlers so arranged that the belt becomes trough-shaped in cross section. 
For heavy duty five pulleys are employed instead of three as illustrated 
in order that the line of contact may more nearly approach the arc 
of a circle. The belt is constructed of woven cotton duck covered 
with a special rubber compound on the carrying side. The rubber is 
thicker at the middle than at the edges, since the wear is greatest in 
a line along the center, but the thicloiess of the belt is uniform through- 
out its entire width. The edges are reenforced with extra piles of duck 

to increase the tensile strength. 
The idlers are carried by iron 
or wooden framework, and are 
spaced from 3 to 6 feet between 
centers on the troughing side, 
according to the width of belt 
and the weight of the load. On 
the return side these distances 
Fig. 135, Guide PuUeys, Robins Belt j^ange from 8 to 12 feet. High- 
Conveyor. speed rotary brushes with inter- 

changeable steel bristles prevent wet, sticky material from clinging to 
the belt. Automatic tripping devices placed at the proper points cause 
the material to be discharged where it is needed. The trippers consist 
essentially of two pulleys, one above and slightly in advance of the 
other, the belt running over the upper and under the lowcu- one, the 
course of the belt resembling the letter S. The material is discdiargc^d 
into chutes on the first downward turn of the })elt. The t-rippeu’s may l)c 
movable or fixed, single or in series. Movable trippers iiro us(m1 whem it 
is desired to discharge the load evenly along the entire length, as, for 
instance, in a continuous row of bins, while fixed trippers iU'e (unployc^d 
where the load is to be discharged at certain and sonuswhat sepiiratcxl 
points. The movable trippers are made in two forms, “ hand-dri vonT 
and ^^automatic.” In the former they are moved from point to point 
by means of a hand crank. The ^^automatic^^ tripper is propcslk^d 
by the conveying belt through the medium, of gearing. Tl; rcwcu’ses 
its direction automatically at either end of the rim and travels ()a(‘Jc 
and forth continuously distributing its load. It can be st()|)f)(ul, re- 
versed, or made stationary at will Notable installations of tliis 
system are at the Hudson and Manhattan Railway (Joinpany's power 
house, Jersey City; L Street Station, Edison Illuminating (Jompany 
of Boston; South Boston Power Station of the Boston Mewated (Com- 
pany and the Essex Power Station of the Public Scrvico Electric Co*, N* J. 







Fig. 
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The power required to drive belt conveyors may be approximated from 
the following empirical equation. (C. K. Baldwin, Trans. A.S.M.E., 


VoL 30, p. 187.) 


For level conveyors: 

^ CTL 

"P- 1000 

(61) 

For inclined conveyors: 

CTL TH 

^P‘ 1000 1000 

(62) 


C = constant as given in Table 49, 

T = load in tons (2000 lb.) per hr., 

L = length of conveyor between centers, ft., 

H = vertical lift of material. 

For each movable or fixed tripper add the horsepower given in Tabic 49. 
For friction of conveyor ends and driver add the following: 

Length of conveyor 25 50 75 100 200 500 

Per cent added power 80 50 30 20 10 4 


TABLE 49. 

POWER REQUIREMENTS FOR BELT CONVEYORS. 
(Coal and Ashes ) 


Width, of belt 

12 

16 

20 

24 

2cS 

32 

36 

c 

Hp. required for each movable 

0 234 

0.220 

0.205 

0.195 

o.i7r)j 


0.157 

or fixed tripper 

0 50 

0.75 

1.25 

1.5 

2.25 

2.75 

3.25 


Belt-comeyar Overatmg Data: Power, Oct. 3, 1916, p. 490. Economics of Conveyor EqiiipmmtH: hhiff. 
Mag., Nov,, 1916, p. 231. 


119. Elevating Tower, Hand-car Distribution* — Fig. 137 illusi.ratcvs 
the coal and ash-handling system as originally instalhnl a1; tiie Aurora 
and Elgin Interurban Railroad power house, Batavia, III. (^oal is 
delivered to the plant by railroad cars which dump dirc(^<-ly ini<o <5oal 
hoppers located inside a steel structure running the kuigth of 

the building and spanned by two railroad tracks. aix', 18 hopp(U‘S 

constructed of 17-mch brick walls fitted with siecl-plal.c^ bot.toms. 
Subdividing the storage space in this maimer makes it possible t-o eai*ry 
different grades of coal, prevents the spreading of and affords a 
simple construction for the support of the railroad tracks. The l)aso- 
ment of the boiler room extends underneath the hoppi^rs, and fcwo 
lines of narrow-gauge tracks are embedded in the concrc^to floor. Turn- 
tables at the center facilitate the switching of (*,ars to thes edewatora 
which rise through the boiler room close to the cliinmcy* Tiie carSi 
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of one ton capacity each, are of special construction, with roller-bearing 
axles and a combined ratchet lift and friction dump. The filled cars 
are pushed from underneath the hoppers to two elevators which lift 
them to the line of tracks supported overhead across the boiler fronts. 



Track to Jilovator 


Fig. 137. Typical Coal and Ash-handling System Involving the Use of Elevating 
Tower and Hand-car Distribution. 

They are then pushed to the hoppers suspended above the boiler set- 
ting and the coal is dumped. These hoppers have a capacity of six 
tons each. From the hoppers the coal is fed to the stoker by an 
ordinary down spout. The ashes fall from the stokers into an ash 
pit, from which they may be discharged into ash cars. The ash cars 
are elevated to a set of tracks running at right angles to the main 
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tracks, and are transferred to ash bins located directly over the coal 
bins. Coal and ashes are weighed in the small cars. There are ten 
boilers in this plant and four men are required to handle the coal and 
ashes. The entire coal and ash-handling system cost about $10,000, 
and the cost of handling the coal and ashes, exclusive of fixed charges, 
is approximately 4 cents per ton. This does not include wages of 
firemen or water tenders. For a description of recent changes made 
in this plant see Prac. Engr., U. S., Nov, 1, 1916, p. 907. 

im. Elevating Tower, Cable-car Distribution. — The coal and ash- 
handling system of the Delray Station of the Detroit Edison Company 
is a t3q)ical example of a large station equipped with elevating tower 
and cable-car distributers instead of the usual bucket conveyor. The 
system consists essentially of a lofty steel tower in which are housed 
at various levels a track receiving hopper, crushing rolls and feeders, 
weighing hopper, hoisting apparatus, etc., and a small cable railway 
for delivery to the bunkers. The railroad coal cars enter the tower 
on an elevated trestle 18 feet above grade, below which is a ta^ack 
receiving hopper. A two-ton ^Hub hoist is filled with coal from the 
bottom of the receiving hopper and elevated to a 20-ton bin at the top, 
120 feet above ground level. This bin has a grille bottom at one side 
and under the outlet a heavy duty coal crusher, thus allowing the 
fine coal to screen through directly while all the larger lumps are auto- 
matically delivered to the crusher. From the two bins the small cal)lc 
cars are filled for dumping into the desired bunkers ovcir the boiler 
rooms. The cars are arranged for automatic dumping by means of 
adjustable trips which may be located at any point. The entires sys- 
tem has a capacity of from 125 to 150 tons of coal per hour and is 
motor-driven. The ash-handling system consists of bricdc-liruxl con- 
crete hoppers underneath each pair of stokers which discharge their 
contents by gravity into the small cars operated on the track systcmi 
in the boiler-house basement. 

When htodling 600 tons per day of 24 hours the cost of operation is 
approidmately 20 cents per ton from coal car to ash car. This includ(»<s 
wages of firemen and water tenders. 

121. Hoist and Trolley; Telpherage* — The i.elphcr is n, form of 
electric hoist which lifts and transfers the load on overhead iracics 
from one point to another. Fig. 138 illustrates a very simpk^ and 
economical method of handling coal and ashes as installed by the 
Jeffrey Manufacturing Company at the power plant of the Scioto 
Traction Company embodying the telpher systems. If the coal (jar is 
of the dump type the contents arc discharged directly into the (joal 
pit from which the coal is removed by grab bucket and iranshaTcd 
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either to the overhead bunker or to the storage pile. If the coal car 
is of the gondola type the coal is removed directly Irom the car by 
the grab bucket. The bucket is hoisted and carried on the trolley 
into the building over the screen hoppers where it discharges its con- 
tents; the finer particles fall directly into the bunker and the larger 
lumps are automatically delivered to the crusher. The grab bucket 
will take about 98 per cent of the coal in the car, leaving only 2 per 
cent to be handled by hand. Coal is fed to the stokers by means of 
a traveling electric hopper which receives its supply from the over- 
head bunkers. The present capacity of the plant is 50 tons per hour 
taken from the car or pit to stock pile. 

133. Vacuum Conveyors. — This type of conveyor is finding favor 
with many engineers for handling dry ashes because of its simplicity 
in design and ease of application. It has also been used in a few cases 
for hardliTig small nut coal and screenings. The system consists 
essentially of a pipe line through which air is flowing at a high ve- 
locity. The material to be conveyed is fed into the pipe through 
suitable openings and the momentum of the column of air carries it 
to the point of discharge. Velocity is imparted to the air either by 
a mechanical exhauster or by steam jets discharging in the direction 
of flow. 

Fig. 139 gives a diagrammatic arrangement of a vacuum ash-con- 
veying system as installed in the power plant of the Armour Glue 
Works, Chicago, Illinois. One end of special cast-iron header F leads 
to the ash pits of the various boilers by means of branch tubes, and 
the other end is connected with the closed storage tank. Each brandi 
pipe is fitted with simple circular openings directly undcrn.oath each 
ash-pit door for admitting ashes. These openings ar(', kepi. eover(ul 
except when in operation. Exhauster E creates a partial vacuum in 
chamber D and draws in air at a high velocity from the opening in the 
ends of the branch pipes. Ashes raked into the pipes through the 
openings are caught by the rapidly moving columu of air and forced 
into the storage tank. Air is withdrawn from ihe top of the sepa- 
rator chamber through pipe G and discharged to the stack or to waste. 
A spray is introduced into pipe F to reduce dust. In Ibis parlicular 
installation the system is applied to a leiler plant of iliifteen boilers, 
aggregating 4800 horsepower, and cost, completely iuslalkid, 15000. 
The ash bin has a capacity of 60,000 pounds of wed ashes and is c<)u- 
structed of five-sixteenths-inch sheet iron. The exhauster (a 30-foot 
Root blower) has a capacity of about 8000 cubic feet per minute at 
265 r.p.m., and is driven by a 75-horsepowor motor. Under nomial 
conditions of operation the motor requires 50 horsepower when de- 
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livering 250 pounds of ash per minute, and the vacuum on the suction 
side of the exhauster is 3.3 inches of mercury. The pipe from the 
ash bins to the separating chamber is 10 inches in diameter and is 
constructed of number 16 and number 20 galvanized iion. The ashes 
are raked by hand from the ash pits to the suction openings of the 
branch pipes, and are handled dry, the dust being taken along with 
the ashes. Short elbows are soon worn out by the abrasive action 
of the ashes, and tees are used instead, since the accumulation in the 
“dead^’ end receives the impact and takes up the wear. Long radius 
bends may be used in place of the tees. The cost of power for 
handling the ashes in this installation is approximately 7 cents per ton. 



Pig. 140. Vacuum System for Handling Coal and Ashes at the Plant of the 
Pierce-Arrow Motor Car Co. 

This type of vacuum system is used for handling (joal at th<'< powc^r 
house of the Pierce-Arrow Motor Car Company, Buffalo, New York, 
and is giving satisfactory results. The steam jot sysi^cm, however, 
is used for handling the ashes. It differs from th(^ nuHthanicJid ex- 
hauster type in that steam jets arc used for (*,reating tlui vacAium. 
The jets are inserted in the pipe line beiweem the last boiku* and ilio 
point of delivery hnd discharge in the direction of flow. In ilm Pi<u’ce- 
Arrow plant' the labor cost of handling the coal and ashes is 2()d> cemis 
per ton on a basis of 26,000 tons per year. The entire eciuipment 
cost $34,000. 

In the steam jet ash system, two conveying pipe sizes are in common 
use; one with 6-inch inside diameter for capacities up to thrcH) tons 
per hour and one with 8-inch inside diameter pipe for capachties from 
three to eight tons per hour. Larger sizes have not proved pracii- 
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cable because of the excessive amount of steam required to effect the 
desired result. For horizontal runs under 100 feet in length one jet 
placed in the elbow of the riser is sufficient to move the material, but 
for longer runs additional jets in the horizontal pipe are necessary. 
The jets as ordinarily installed require from 175 to 275 lb. of steam 
per ton of ashes per hour depending upon initial pressure and quality 
of the steam and size of pipe. 

Vacuum Ash-Removal System: Power, April 7, 1914, p. 473; Jan. 13, 1914, p. 41. 

123. Cost of Handling Coal and Ashes. — In large stations where 
a number of men are employed to handle coal and ashes only it is a 
simple matter to divide the cost of handling into the various stages, thus: 

1. Cost of unloading cars or barges. 

2. Cost of conveying coal to bunkers. 

3. Cost of feeding coal to furnace. 

4. Cost of removing ashes. 

These costs are usually expressed in cents or dollars per ton of coal 
burned; or in terms of cents or dollars per horsepower-hour or kilo- 
watt-hour of main prime-mover output. Item number 3 is oftentimes 
included under “boiler-room attendance’’ and items 1, 2, and 4 under 
“coal and ash handling.” Not infrequently all four items are included 
under “attendance.” So much depends upon the character of stokers 
and furnace, size of boilers, and the like, that general figures on the cost 
of handling the coal and ashes are of little value unless accompanied by 
a description of the equipment. For the sake of general comparison 
the most satisfactory method of expressing the cost is in dollars per ton 
of coal from coal car to ash car. This includes wages of coal and ash 
passers, repair men, and boiler tenders. In small stations the coal 
and ash handling is done by the boiler tenders, in which case it is im- 
practicable to separate the items mentioned above, and the cost is 
ordinarily included under attendance. An average figure for handling 
coal by barrow and shovel is not far from 1.6 cents per ton per yard 
up to the distance of five yards, then about 0.1 cent per ton per yard 
for each additional yard. With automatic conveyors the operating 
cost, not including wages of firemen and water tenders, varies with the 
size of plant and the type of conveyor, and ranges anywhere from a frac- 
tion of a cent per ton to four or five cents per ton. The larger the plant 
and the greater the amount of coal handled the lower will be the cost 
per ton. In comparing the relative costs of manual and automatic 
handling, fixed charges of at least 15 per cent of the first cost of the 
mechanical equipment should be charged against the latter in addition 
to the cost of operation. In large central stations equipped with stokers 
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and conveyors and consuming 200 tons or more of coal in twenty-four 
hours, the cost of handhng the coal from coal car to ash car, including 
wages of fii'emen and water tenders but exclusive of fixed charges, will 
range between 18 cents and 25 cents a ton. 

m. Coal Hoppers. — Fig. 141 shows a front and side elevation of 
a typical set of stationary weighing hoppers as applied to the boilers 
of the Quincy Point power plant of the Old Colony Street Railway 



Company, Quincy Point, Mass. Each battery of hoikirs is provickul 
with an independent set of hoppers. The bottoms of the owniusad 
coal bunkers lead into the small hoppers A, M. The opcu'atiou of any 
single weighing hopper is as follows: Coal is fed from the overhead 
bunkers to weighing hopper H by means of valve V. Tins w(nght of 
coal in the weighing hopper is transmitted by a system of ksvers and 
knife edges to the inclosed scale beam I and noted in the usual way. 
The weighed charge of coal is then admitted to tlus down spout /S by 
means of valves similar to those at V. 
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Although separate weighing hoppers for each battery, as illustrated 
in Fig. 141, offer many advantages, they are quite costly and it is not 
unusual to install one or more large weighing hoppers mounted on 
overhead traveling carriages so that one may supply a number of boilers 
(Fig. 142). At the Armour Glue Works, Chicago, the coal supply is 
stored in one large overhead bunker of 1000 tons' capacity. A five-ton 
motor-driven traveling hopper receives its supply from this central 



bunker and delivers it to the various boilers. One man operates the 
traveling hopper, tends to the coal valves, and supplies all boilers 
with coal. 

Weighing hoppers are sometimes made automatic; that is, the open- 
ing and closing of valves, feeding of coal, and recording of weight are 
automatically performed by the weight of the coal itself. The scale is 
set for discharges of a certain weight and continues to discharge this 
amount automatically. In the few plants which are equipped with 
automatic weighing hoppers the capacity of the hopper is approximately 
100 pounds per discharge. These hoppers are necessarily more com- 
plicated and more costly than the ordinary weighing hoppers, and it is 
a question whether the advantages offset the extra first cost and main- 
tenance charges. A small automatic hopper of 100 pounds discharge 
capacity costs approximately $400 as against $250 for the ordinary 
weighing device. For a description of a coal meter see paragraph 396. 
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125. Coal Valves. — Figs. 145 to 147 illustrate the principles of a 
few well-known coal valves. They may be conveniently grouped into 
two classes according to the location of the coal pocket: (1) those 




Fig. 143. Common Slide Coal Valve. 


Fig. 144. Simplex Coal Valve. 


drawing the coal from overhead bunkers and (2) those drawing from the 
side of a bin. In the first class come the simple slide valve and the sim- 
plex and duplex rotating valve. In the latter are the flap valve and the 
rotating valve. They are made in various sizes and designs, but those 
illustrated are examples of the most common types. The simple slide 

valve, Fig. 143, is applical)le only 
y to small size coal and to small 
^ spouts, since coarse or lump coal 
may get in the way and pre- 
vent proper closing. The simplex 
valve. Fig. 144, consists of a ro- 
^ -I tating jaw actuatcul by a lever. 

-] H There are no rubbing surfacics, 

and the jaws cut througli tlu^ 
j\ . material without jamming, llie 

I I \ /S\ duplex valve, Fig. 145, consists of 
y X rotating jaws comuKsted to a 

\ common actuating levcjr. The 
^ ^ ^ jaws move siraultaneously, HO that 

Fig. 145. Duplex Coal Valve. ^ven a partially open valvc dl)- 

livers the coal centrally. When 
closing the valve the jdow is gradually stopped by the dc(‘Tcasing width 
of the opening and there is but little resistance to the movement of the 
jaws. The largest valve can easily be operated by hand. 
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The flap valve, Fig. 146, is the simplest form for drawing coal from a 
side bin. It consists merely of an iron flap hinged to the bottom of the 
chute. The valve is lowered to let the coal run over its top and is raised 
to stop the flow. It cannot be clogged or get jammed in closing. The 
flap is raised and lowered by a simple lever. For very large bins, where 
the valves are to be opened and closed frequently, the “Seaton’’ valve. 
Fig. 147, is usually preferred. This valve consists of two jaws 
and TT' pivoted to suitable framework at 0 and actuated by lever A, 



Fig. 146. Common Flap’’ Fig. 147. ^'Seaton” Coal Valve. 

Coal Valve. 


The valve is shown fully closed. Raising lever A causey the cut-off 
blade EE' to rotate about 0 and permits the coal to flow through the 
space between the edge of the jaw E and the end of the chute. The 
rate of flow is regulated by the width of this opening. The cut-off 
blade does not reach a stop, hence there is no possibility of a lump of 
coal getting in the way and preventing the prompt closing of the valve. 
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PROBLEMS. 

1. If power costs 1.5 cents per kw-hr. approximate the cost of moving 200 tons 
of coal per hour a horizontal distance of 50 ft. by means of a screw conveyor. 

2. Determine the power required to drive a scraper conveyor carrying 250 tons 
of bituminous coal per hour, sliding blocks to be used. The weight of the chain 
and flights with sliding blocks is 26 lb. per hneal ft., the capacity of the conveyor 
is 150 tons per hour. The distance between centers of head and last sprockets is 
160 ft. and the angle of conveyor with the horizontal is 30 degrees. 

3. Determine the power required to drive a pivoted bucket carrier having a ca- 
pacity of 60 tons of coal per hour; rollers 6 in. in diameter with If in. pins; weight 
per ft. of empty carrier, 80 lb.; horizontal length of conveyor, 400 ft.; vertical lift, 
60 ft.; 4 right angle turns; horizontal length traversed by loaded buckets, 300 ft*.; 
speed of conveyor, 50 ft. per min. 

4. Determine the power required to elevate 200 tons of coal per hour by means 
of a 24-inch belt. Speed of belt, 200 ft. per min.; vertical lift, 30 ft.; length of con- 
veyor between centers, 300 ft. The system contains 3 fixed and 2 movable tri])pcrs. 



CHAPTER VII 


CHIMNEYS * 

126. General. — In order to cause the necessary weight of air to flow 
through the fuel bed and force the products of combustion through the 
gas passages of the boiler and setting, a pressure difference between 
ash pit and uptake is necessary. This pressure difference is designated 
as draft whether the actual pressure is above or below atmosphere. 
Draft may be produced mechanically by means of fans, blowers and 
steam jets, or thermally by means of chimneys, . Stacks or chimneys 
offer the simplest means of conducting the products of combustion to 
waste and since the latter must be discharged at a sufficient elevation 
to prevent their being a public nuisance the height of stack necessary 
to effect this result is often sufficient to create the required draft. Even 
if considerable height must be added to the stack over and above that 
required to discharge the gases at a given elevation the extra cost may 
be considerably less than incident to mechanical draft operation. For 
this reason the majority of steam power plants depend upon the chim- 
ney for draft. In large plants equipped with mechanical stokers or 
where fuel is burned at a high rate or where economizers are used for 
abstracting heat from the flue gases mechanical draft is commonly 
employed; but even in these cases if forced draft is used some chimney 
effect may be desirable. In view of the enormous amount of heat 
developed in forced draft, stoker-fired furnaces and the great weight 
of gas passing over the boiler heating surfaces it is now generally ac- 
cepted that some means must be provided to remove these gases from 
the furnace promptly in order to protect the furnace brickwork, by 
preventing a ‘‘soaking up” action of the heat. The chimney pro- 
vides such a suction draft throughout all parts of setting, (See Para- 
graph 153.) 

When in operation, a chimney is filled with a column of gases with 
higher average temperature than that of the surrounding air. As a 
result the density of the gases within the stack is less than that of the 
outer air, and the pressure at the bottom of the column is less inside the 
stack than it is outside. 

* In this text the terms “chimney^’ and stack” are used synonymously. Build- 
ers usually apply the term '‘chimney” to the masonry and concrete structures and 
“stack” to the steel structures. 
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TABLE 51. 

DENSITY AND SPECIFIC VOLUME OP AIR AND CHIMNEY GASES AT 
VARIOUS TEMPERATURES. 

Air. Chimney Gases. 

i t V d t d I d t d 


0 11.581 .935 .086353 200 

5 11.706 .945 .085424 210 

10 11.832 .955 .084513 220 

15 11.931 .965 .083623 230 

20 12.085 . 976 . 082750 240 

25 12.211 .986 .081895 250 

30 12.337 .996 .031058 260 

32 12.387 1.000 .080728 270 

35 12.463 1.006 .080238 280 

40 12.589 1.016 .079434 290 

45 12.715 1.026 .078646 300 

50 12.841 1.037 .077874 310 

55 12.967 1.047 .077117 320 

60 13.093 1.057 .076374 330 

62 13.144 1.061 .076081 340 

65 13.220 1.067 .075645 350 

70 13.346 1.077 .074930 360 

75 13.472 1.087 .074229 370 

80 13.598 1.098 .073541 380 

85 13.724 1.108 .072865 390 

90 13.851 1.118 .072201 400 

95 13.976 1.128 .071550 410 

100 14.102 1.138 .070910 420 

110 14.354 1.159 .069665 


.06334 430 .04695 660 .03730 
.06239 440 .04643 670 .03697 
.06147 450 .04592 680 .03665 
.08058 460 .04542 690 .03633 
.05971 470 .04493 700 .03602 
.05887 480 .04445 710 .03571 
.05805 490 .04398 720 .03540 
.05726 500 .04353 730 .03511 
.05648 510 .04308 740 .03481 
.05573 520 .04264 750 .03453 
.05499 530 .04221 760 .03424 
.05428 540 .04178 770 .03396 
.05358 550 .04137 780 .03369 
.05290 560 .04096 790 .03342 
.05224 570 .04056 800 .03316 
.05159 580 .04017 900 .03072 
.05096 590 .03979 1000 .02861 
.05035 600 .03942 1100 .02678 
.04975 610 .03905 1200 .02516 
.04916 620 .03869 1300 .02373 
.04859 630 .03833 1400 .02245 
.04803 640 .03798 1500 .02131 
.04749 650 .03764 1800 .01848 
2000 .01698 


d = density, pounds per cubic foot. 

I = temperature, deg. fahr, 

5 = specific volume, cubic feet per pound. 

1 ) = comparative volume, volume at 32 deg. fabr. = 1. 

Density of chimney gas taken 0.085 pound per cubic foot at 32 dog. fahr. and 29.92 inohos of mercury. 
(Rankine, *' Steam Engine,’' gives the density at 32 deg. fahr. as varying from 0.084 to 0.0H7. ) 


137. CMmney Draft. — The theoretical maxirnam static draft of a 
chimney is the difference in weight of the column of heated gas inside 
the stack and of a column of outside air of the same height, tluis, if 
D = maximum theoretical static draft, in. of water, 

H = effective height of the chimney, ft., 
da = density of the outside air, lb. per cu. ft., 
dc = density of the inside gas, lb. per cu. ft., 

0.192 = factor for converting pressure in lb. per sq. ft. to in. of water, 

D = 0.mH{da-dc). ( 63 ) 

Neglecting the influence of the relative humidity of the air 

4= 0.0807 


(64) 
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in which 

Pa = observed atmospheric pressure, lb. per sq. in., 

P = standard atmospheric pressure, lb. per sq. in., 

T — absolute temperature at the freezing point, deg. fahr., 

Ta = absolute temperature of the outside air, deg. fahr. 

The density of chimney gas varies with the nature of the fuel and the 
air excess used in burning the fuel. An average value is 0.085 lb. per 
cu. ft. at 32 deg. fahr. and pressure P. 

Therefore, p m 

d. = 0.085 9-^, (65) 

in which 


Tc = absolute temperature of the chimney gas, deg. fahr. 
Other notations as in equation (64). 

Substituting these values of da and dc in equation (63), 


D = O.mH 


0.085 T\ 

Tc y 


( 66 ) 


TABLE 52. 

THEORETICAL DRAFT PRESSURE IN INCHES OF WATER. CHIMNEY 
100 FEET HIGH.i 


Temp. 


Temperature of the External Air — Barometer, 14.7 Pounds per Square Inch.* 


in the 


Chim- 

ney. 

0^ 

10° 

o 

o 

30° 

0 

o 

o 

o 

K> 

o 

o 

to 

o 

o 

o 

O 

00 

90° 

100° 

200 

.453 

.419 

.384 

.353 

.321 

.292 

.263 

.234 

.209 

.182 

.157 

220 

.488 

.453 

.419 

.388 

.355 

.326 

,298 

.269 

.244 

.217 

.192 

240 

.520 

.488 

.451 

.421 

.388 

.359 

.330 

.301 

.276 

.250 

.225 

260 

.555 

.528 

.484 

.453 

.420 

.392 

.363 

.334 

.309 

.282 

,257 

280 

.584 

.549 

.515 

.482 

.451 

.422 

.394 

.365 

.340 

.313 

.288 

300 

.611 

.676 

,641 

.511 

.478 

.449 

.420 

,392 

.367 

.340 

.315 

320 

.637 

.603 

.568 

.538 

.505 

.476 

.447 

.419 

.394 

.367 

.342 

340 

.662 

.638 

.593 

.563 

.530 

.501 

.472 

.443 

.419 

.392 

.367 

360 

.687 

.653 

.618 1 

.588 

.555 

.526 

.497 

.468 

.444 

.417 

.392 

380 

.710 

.676 

.641 

.611 

.578 

.549 

.520 

.492 

.467 

.440 

.415 

400 

.732 

.697 

.662 

.632 

.598 

.570 

.541 

.513 

! .488 

.461 

.436 

420 

.753 

.718 

.684 

.653 

.620 

.591 

.563 

.534 

.509 

.482 

.457 

440 

.774 

.739 

.705 

.674 

.641 

.612 

.584 

.555 

.530 

.503 

.478 

460 

.793 

.758 

.724 

.694 

.660 

.632 

.603 

.574 

.549 

.522 

.497 

480 

.810 

.776 

.741 

.710 

.678 

.649 

.620 

.591 

.566 

.540 

.515 

600 

.829 

.791 

.760 

.730 

.697 

.669 

,639 

.610 

.586 

.559 

.534 

650 

.863 

.828 

.795 

.762 

.731 

.700 

.671 

.644 

.618 

.593 

.585 

600 1 

.908 

.873 

.839 

.807 

.776 

.746 

,717 

.690 

.663 

.638 

.613 


1, For any other height multiply the tabular figure by 


where H is the height in feet. 


2. For any other pressure multiply the tabular figure by where P Is the barometric pres- 
sure in pounds per square inch. 
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Assuming Pa = P 14.7 and T = 492, equation (66) reduces to 


D = H 


(7M 

[ Ta 


7.951 
Ta 1 


(67) 


By assuming the same density for the chimney gas and outside air, 
and P = 14.7, equation (66) may be written 

Z) = 0.52P„(^-|-)ir. (68) 


Equation (66) gives the true maximum theoretical static draft pro- 
■\aded the various factors entering into the formula are accurately known. 
In practice considerable variation exists in the composition of the 
gases and the temperatures are not uniform throughout the stack nor 
is the pressure the same at all points, hence the so-called theoretical 
value is correct only for an arbitrarily fixed set of conditions. Further- 
more, with a quiet atmosphere the theoretical draft may be largely in- 
creased owing to the column of heated gases above the mouth of the 
chimney. Strong air currents passing over the mouth of the stack 
may also increase or decrease the draft. The actual maximum static 
draft can be realized only when there is no flow as when the ash pit 
doors are closed and there is no perceptible transfer of heat or leakage 
of air through the chimney walls, boiler setting and flue or breecjhing. 


Example 16. Required the maximum theoretical draft obi-ained from 
a chimney 150 feet high, atmospheric pressure 14.5 pounds per squares 
inch, temperature of outside air 60 deg. fahr., mean tempcirature of 
the chimney gases 550 deg. fahr. 

Here Pa = 14.5, Ta = 460 -f 60 = 520, To = 460 + 550 = 1010, T = 
460 + 32 = 492. 

Substituting these values in equation (66) 


D = 0.192 


14.5 /0.0807 X 492 
14.7 V 520 


0.085 X 492\ 
1010 / 


150 


= 0.994, or practically one inch of water. 


In this problem the mean temperature of the chimney gases is given. 
In practice it must be approximated from the flue gas himpen-ature, 
SufiScient data are not available for predetermining i»hc (x)oliag action 
of the chimney walls and breeching except for a few special (iascs.* 
In view of the great variation in chimneys as to design, size, material, 
temperature difference and rate of driving, all assumpt/ions arcj largely 
a matter of guess-work and equations based on a few isolated casc'-s are 
equally untrustworthy. A common rule is to allow a drop of 80 (l(^« 
grees per 100 feet of unlined steel stacks and 40 degrees for brick or 


Peabody and Miller, Steam Boilers, p. 199. 
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lined steel chimneys. These values are too high for tall chimneys of 
large diameter and too low for small short stacks. Another rule is to 
allow 5 to 10 per cent of the theoretical maximum static draft as the 
pressure di'op due to the cooling action. Both rules are purely arbitrary 
and may give results far from the truth. 

For the influence of rate of diiwng on stack temperatures see Table 
36 and Fig. 148. 

With economizers stack temperatures are reduced to 250-'350 deg. 
fahr. Because of the increased height of stack necessary to neutralize 



Fig. 148. Kelation between Flue Gas Temperature and Increase in Boiler Rating. 

Natural Draft. 

the reduction in stack temperatures economizer installations are com- 
monly made with forced or induced draft. 

As soon as a flow is established the static draft will decrease since 
part of this potential energy is required to impart velocity to the gases 
and overcome the resistance of the chimney walls. Furthermore, the 
breeching, boiler damper, baffles and tubes, and the bed and grate all 
retard the passage of the gases and the draft from the chimney is re- 
quired to overcome these resistances. If an economizer is used this 
adds a further pressure drop. (See paragraph 285.) Neglecting leak- 
age and minor influences, the various pressure losses may be expressed: 

fD == 1)^7 + 2)6 + jDw + + F/ + Z)c + 2)r, (69) 

in which / is an empirical coefficient depending largely on the rate of 
cooling gases within the chimney, D is the maximum theoretical static 
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draft, Dg the pressure drop through the fuel and grate necessary to 
effect the desired rate of combustion, Di, the drop through the boiler, 
Dv the draft required to impart velocity up to the damper, and Dd, D/, 
Dcf Dr, the respective draft losses through the damper, flue, chimney, 
and right angle turns into the breeching. Transposing equation (69) we 

D. + Ih + D. + Dd =fD-Dc-Df-Dr. (70) 

Dg + Db + T Dd is the draft required at the stack side of the damper, 
fD — Dc is the effective draft of the chimney and fD — Dc — Df — Dr 
is the available draft at the stack side of the damper. 

All these losses increase approximately with the square of the velocity 
of flow and may be expressed mathematically, but owing to extreme 
diversity in operating conditions many of the factors entering into the 
analysis can only be approximated, with the ultimate result that the 
calculated values are more or less arbitrary. Considering the losses in 
the order given in equation (69) : 

D, the total or maximum static draft, may be calculated from equa- 
tion (66). The hmitations of this formula have been previously shown. 

Dg, the draft required to effect a given rate of combustion, de- 
pends upon the kind and condition of fuel, the thickness of fire, type 
of grate and efficiency of combustion and can only be found accurately 
by experiment. For every kind of fuel and rate of combustion thcn’c 
is a certain draft with which the best general results are obiainc^d. 



Fig. 149. Draft Required at Different Combustion Rates for Various Fu(4h. 



CHIMNEYS 


285 


The curves in Fig. (149)* give the furnace draft necessary to burn 
various kinds of coal at the indicated rate of combustion for average 
operating conditions. These curves allow a safe margin for economi- 
cally burning coals of the kinds noted. Specific figures for various 
types of stokers may be obtained from the manufacturers. 


TABLE 53. 

AVERAGE PRESSURE DROP THROUGH BOILER AND SETTING. 
(Boilers Operating at 100 to 150 Per Cent Rating ) 


Boiler, 


Atlas, horizontal 2 pass, standard setting 

Atlas, vertical 3 pass, standard setting. . . . 

Babcock and Wilcox, Sewall baffle . . 

Babcock and Wilcox, vertical 3 pass, standard setting . 

Cahall, standard baffling and setting 

Continental, Dutch oven 

Edge Moor, vertical 4 pass, underground breeching. . . 

Erie City, vertical boiler, standard baffling 

Hawkes, horizontal baffles, standard setting 

Keeler, vertical 3 pass, tube spacing 6 X 6 to 6 X 7. . . 
Keeler, vertical 3 pass, tube spacing 5i X 7| to 5| X 6f . 

Keturn tubular, old style setting 

Return tubular, double arch bridge wall setting. . . 
Return tubular, McGinnis arches, front and back . . . 

Stirling, standard setting and baffles 

Stirling, 5 pass 

Stirling, standard baffles, underground breeching. . . 

Wickes, standard setting and baffles 

Worthington, standard setting and baffles 


25 

40 

35 

45 

35 

35 

36 
40 
40 
50 
45 

44 
53 
40 
35 
19 
14 
42 

45 


K — Percentage of the effective draft at the stack side of damper available in the combustion cham- 
ber. This factor applies only to hand-fired furnaces burning 20 to 30 pounds of Illinois coal per square 
foot of grate surface per hour and to mechanical stokers of the natural draft type burning 20 to 40 pounds 

1 - 1 -./^. 1 jjx Draft over fire X 100 

per hour. Effective draft = 


Dh, the loss of draft through the boiler and setting, varies within 
wide limits depending upon the type and size of boiler, arrangement 
of tubes and baffles, design of setting, type of grate, and rate of driving, 
and ranges from less than 0.1 inch to 1.0 inch and over. The data 
given in Table 53 1 are based upon the investigations of 0. Monnett, 
former Chief Smoke Inspector of the City of Chicago, and may be used 
as a guide in predetermining the extent of these losses for different 
types of boilers and settings. The figures in the table apply to hand- 
fired grates having an air space of 45 to 55 per cent and rates of com- 
bustion ranging from 20 to 30 pounds of Illinois coal per square foot 
of grate surface. They also apply to mechanical stokers of the natu- 

* ‘‘Steam”; Babcock & Wilcox Co., p. 246. 
t Power, June 2, 1914, p. 768. 
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ral draft type, burning 20 to 40 pounds of coal per square foot of grate 
surface with the capacities in either case ranging from rating to 50 
per cent overload. The relative pressure drop increases with the 
load but there appears to be no close relationship between those two 



Fig. 150. Pressure Drop through Boilers — Furnace to Stack Damper — 

Natural Draft. 


factors for different boiler equipments. Specific figures may be ob- 
tained from boiler manufacturers. The curves in Fig. 151 arc plotted 
from a series of tests conducted by A. P. Kratz, on a Babcock & Wilcox 
boiler located in the new power plant of the University of Illinois. 
(A Study of Boiler Losses. A. P. Kratz, Bui. 32, University of Illinois, 
April 12, 1915.) The futility of assuming an average value for gen- 
eral practice” is evidenced from the extreme range even in i,his par- 
ticular installation. 

Dv, the draft required to accelerate the gases, varies in ac(;ordancc 
with the law 


in which 


y,2 ^ Vi 
2g ’ 


(71) 


h = head in feet of gas producing the velocity, 
V 2 == initial velocity, ft. per sec., 

Fi = final velocity, ft. per sec., 
g = acceleration of gravity ~ 32.2 (approx.) » 




Draft (In. oi Water) 
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Fig. 151. Pressure Drop tlirough Boiler Setting. 508 Horsepower B. & W. 
Boiler, 3-Pass Vertical with Tile-roof Furnace. — Chain Grate. 


Assuming a gas density of 0.085 lb. per cubic foot at 32 deg. fahr. 
and 14.7 lb. per sq. in. pressure, and reducing head in feet of gas to 
pressure in inches of water, equation (71) reduces to 


in which 


D„ = 0.124 


Pa 




(72) 


Pa = observed barometric pressure, lb. per sq. in., 

P = one standard atmosphere = 14.7 lb. per sq. in.. 

To = absolute temperature of the chimney gases, deg. fahr. 

The draft required to accelerate at sea level from zero velocity to 
velocities 10, 20, 30, and 40 feet per second at a temperature of 550 
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deg. fahr. is 0.012 in., 0.048 in., 0.108 in., and 0.192 in., respectively. 
Except at high velocities the draft is small and may be neglected in 
the problem of chimney design. 

Dd, the loss of draft through the damper, is varied arbitrarily to 
meet the load requirements. The minimum value of Dd corresponding 
to "wide open damper” is usually included in the boiler loss Dj. For 
the influence of damper area on the draft in fire-tube boilers, see “Draft 
in Fire Tube Boilers,” S. H. Viall, Power, April 11, 1916, p. 509. See 
also, “Dampers for Water-Tube Boilers,” Osborn Monnett, Power, 
May 26, 1914, p. 729. 

The commonly accepted rules for determining the friction loss D„ 
through the chimney are all based on Chezy’s formula 


in which 

/ = coefficient of friction, 

I = length of the conduit, ft., 
m = mean hydraulic radius, ft., 

V = mean velocity of the gases, ft. per sec. 
Other notations as in equation (71). 


(73) 


Because of the great variation in the assumed value of the coeffi- 
cient of friction, the rules referred to give widely discordant results 
for the same set of conditions. Satisfactory results have been ob- 
tained by flRRiimin g / = 0.012 for unlined steel stacks and / = 0.016 
for brick and brick-lined steel stacks. Until further experimonis prove 
to the contrary these values may be accepted as being as accurate as 
any used in this connection. 

For circular chimneys, and square chimneys, D ft. square, (Jhezy’s 
formula may be reduced to the convenient form 


Dc = A' (74) 

in which 

Dc = friction loss in inches of water, 

A = coefficient including the coefficient of friction and the various 
reduction factors, 

= 0.006 for unlined steel stack, 0.008 for brick or lined stool stack, 
V = velocity of the gases, ft. per sec., 

H = height of stack above the breeching, ft., 

D = diameter of the stack, ft., 

Tc = absolute temperature of the chimney gases. 
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Considering the weight instead of the velocity of flow, equation (74) 
reduces to the form 


in which 


Dc = Aj 


W^HTc 

IK ^ 


(75) 


fc is a coeiBBcient including the coefficient of friction and the various 
reduction constants, 

W = weight of gas flowing, lb. per sec., 
d = diameter of the stack, inches. 


For the assumed values of / (0.012 and 0.016) : 
fc = 1.6 for unhned steel stacks, 1.9 for brick or brick-lined stacks. 

C. R. Weymouth, Trans. A.S.M.E., Vol. 34, 1912, gives k a value 
of 2.3 for lined and unlined stacks. 

According to Kingsley’s experiments * the loss of draft due to skin 
friction, displacement of the atmosphere by the issuing stream and 
change of direction of the gases upon entering the stack conforms 
approximately to the following equation 

Dc = 0.00036 VK (76) 

Notations as in equation (74). 

Equations (74) and (75) may be used for determining D/, the loss 
in the flue or breeching, by substituting the length of the flue for H 
and the diameter for d. A common allowance for the friction drop 
in flues, round or square, is 0.1 inch of water per 100 feet of straight 
conduit. 

Dr, the draft resistance due to right-angle turns, is ordinarily taken 
as 0.05 inch of water per turn. Another rule is to assume this resist- 
ance to be equivalent to a length of flue twelve diameters in length. 

An examination of equations (73) to (76) will show that the friction 
draft loss of the chimney cannot be calculated directly unless the 
height and diameter and weight or velocity of flow are known. Since 
these are the quantities to be determined it is evident that the prob- 
lem lends itself only to be a '^cut and trial analysis,” provided the 
equations are to be satisfied. If the various pressure drops influencing 
the height of the stack could be calculated or estimated with any degree 
of accuracy there would be some reason for exact analysis, but the 
arbitrary values assigned in practice vary so widely that such analyses 
are ordinarily without purpose. Furthermore, the friction loss through 
the chimney is only a comparatively small percentage of the total 
loss (except for high velocities), hence a careful calculation of the cbim- 

* Engineering Record, Dec. 21, 1907, p. 679. 



290 


STEAM POWER PLANT ENGINEERING 


ney friction, and guess-work in estimating the other losses is highly 
inconsistent. Scattering tests made on a number of tall chimneys 
in successful operation show that the effective pressure at 100 to 150 
per cent rating is not far from 80 per cent of the theoretical maximum 
static pressure. Assuming this to hold true for chimneys in general, 
the problem of determining the height becomes a compaiatively simple 
one. In view of the uncertainty of the coefficient of friction, results 
based upon this assumption are perhaps fully as reliable as those cal- 
culated from the various formulas. 

SxcLTyiple 17. Determine the height of a stack suitable for buining 
30 pounds of Illinois bituminous coal per sq. ft. of grate surface per 
hour for a hand-fired, return tubular boiler with double-arch bridge 
wall furnace, when the temperature of the outside air is 60 
the mean temperature of the flue gases 550 deg. fahr., and the nuc 
is 100 feet long with two right-angle bends. 

This loss will be approximately as follows : 

Loss through fuel and grate (from curves in Fig. 149) 0.33 

Loss in boiler (from Table 53), 0 62 

Loss in flue, 100 ft. at 0. 10 per 100 . • • • [> • 

Loss in turns, 2X0. 05 •• hv 

Total required draft at the breeching entrance to the stack . . . 1.15 

On the assumption that the effective or required draft is 80 per coni 
of the theoretical maximum static draft, 


And from equation (67) 




k520 


7.95 \ 

1010 / ^ 


from which 


1.43- (I 

H = 210 feet, height above damper. 


The vertical passes in any boiler act as chimneys and arc oapabk^ 
of furnishing a draft pressure in much the same manner as t hc^ chimiH'y 
proper. The greater the length of the vertical passes Ihe grcaiicr will 
be the “chimney action.” The pressure difference due to the e-hinniey 
action may decrease or increase the draft of the si,ack, tl(>,p(uuling upon 
the direction of flow of the gases. If the flow is upward the verti(^al 
pass acts as an additional height of stack, if downward, it tends to 
retard the flow. Thus, in the Wickes boiler. Fig. 56, the vertical i)ath 
of the gases through the boiler itself causes considerable'. e,himuey 
action. At low rating the pressure at C may be atmospheric or ('veu 
slightly above, although the draft in the combustion chamber B may 
be 0.10 inch of water below that of the atmosphere. This tiueans 
that the boiler itself furnishes suflfleient chimney action to operate the 
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boiler at this load. Similarly the draft at D may be higher than at 
C due to the negative chimney action and resistance combined. The 
difference in temperature of the gases due to the cooliiig action of the 
heating surface must of course be considered in calculating the chinmey 
action. In practically all boilers the chimney action of the vertical 
passes influences the pressure drop throughout the setting and the 
effect is more marked when the rate of flow is low. See “Draft in 
Furnaces and Flues,” E. G. Bailey, Power, Nov. 9, 1915, p. 638. 

A well-designed central chimney serving several boilers and subject 
to considerable load variation should have comparatively low stack 
and breeching friction in order to insure “draft regulation.” While 
a certain draft margin is necessary it should be the aim to provide a 
chimney with the least possible excess draft over the necessary maxi- 
mum. For very high stacks, such as are required in tall office build- 
ings, the diameter is made very small so that a considerable portion 
of the pressure drop will occur in the stack and breeching, otherwise 
the draft will be excessive even with throttled damper. In designing 
stacks for this purpose the assumed draft loss in the stack and breech- 
ing should be made to conform with the law expressed in equation (75). 

Boiler Draft: Power, Mar. 20, 1917, p. 374; April 11, 1916, p. 509; Nov. 9, 1915, 
p. 638; Aug. 10, 1915, p. 196; May 18, 1915, p. 675; Jan. 12, 1915, p. 39; July 7, 
1914, p. 7; June 9, 1914, p. 806. 

' The Significance of Drafts in Steam Boiler Practice: Bulletin 21; tJ. S. Bureau of 
Mines, 1911. 

Pro'portioning Chimneys on a Gas Basis: A. L, Menzin, Jour. A.S.M.E., Jan. 
1916, p. 31. 

Dimensions of Boiler Chimneys for Crude Oil: C. B. Weymouth, Trans. A.S.M.E,, 
VoL 34, 1912. 

Calculating the Dime7isions of Chimneys and Stacks: G. A. Orrok, Power, Aug. 22, 
1916, p. 274; Sept. 12, 1916, p. 384. 

128. GMmney Area. — A study of equation (75) will show that any 
required effective draft may be obtained from various combinations of 
heights and diameters. Evidently there must be a certain height and 
diameter which will produce the cheapest structure. In practice this 
particular combination cannot be predetermined with any degree of 
accuracy because of the uncertainty of the various factors entering 
into the problem of calculating the height and diameters. For an 
assumed set of conditions the logical procedure is to calculate a trial 
height for the required maximum rate of combustion, and then to 
proportion the area according to equation (75) so that the maximum 
weight of gases generated may be discharged at a rate corresponding 
to the assumed friction loss through the stack. By cut and trial a 
number of combinations of heights and diameters may be calculated 
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in this manner which wiU give the required effective draft. The costs 
of the various structures may then be estimated and a selection made. 

In general practice this degree of refinement is seldom attempted 
and the usual procedure is to calculate a height compatible with the 
assumed pressure losses (subject, of course, to community laws) and 
proportion the area by rules which are more or less empirical. Thus, 
if the area is to be proportioned on a gas basis the maximum volume 
of the gases to be dscharged is computed and an arbitrary velocity 
is assumed. 

If specific data are not available for computing the volume of the 
gases the area may be calculated by one of the various empirical equa- 
tions outlined in Table 56. 

Example 18: Proportion a brick-lined stack for water-tube boilers 
(vertical three-pass standard baffling) rated at 6000 horsepower, 
equipped with chain grates and burning Illinois coal; boilers rated 
at 10 square feet of heating surface per horsepower; ratio of heating 
surface to grate surface, 50 to 1; flue 100 feet long with two right- 
angle bends; stack to be able to carry 50 per cent overload; atmos- 
pheric temperature 60 deg. fahr.; sea level; temperature of flue gases 
at overload 540 deg. fahr.; calorific value of the coal 11,200 B.t.u. 
per pound. 

A modern plant of this type and size should be able to maintain a 
combined boiler, furnace and grate efliciency of 75 per cent at 150 
per cent rating. To be on the safe side assume it to be 70 per cent, 
then 

Maximum boiler horsepower = 6000 X 1.5 = 9000. 

Heat equivalent of 1 boiler horsepower-hr. = 34.5x970 = 33,479 B.t.u. 

33 479 

Coal per boiler hp-hr. = 2 oq q 70 approx. 

Total grate surface = — ^ = 1200 sq. ft. 

Total coal burned per hour = 4.3 X 9000 = 38,700 lb. 

38 700 

Maximum rate of combustion = = 32,3 lb. per sq. ft. grate 

surface per hour. 

Assumed pressure losses at maximum rating: 

IiichoH 
of Water. 


Loss through fuel and grate (from curves in Fig. 149) 0.34 

Loss in boiler (furnace to stack side of damper) 0.55 

Loss in flue 100 ft. at 0.1 in. per 100 0. 10 

Loss in turns, 2 X 0 . 05 0.10 

Total loss or required effective pressure measured at flue (jn- 
trance of stack 1.09 


1 OQ 

Theoretical draft = = 1.36 in. 

U.o 
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Height of stack above damper, equation (67), 


1.36 


’7.64 7.95 \ 
.520 1000/ 


H. 


H = 202 ft. 


For 70 per cent combined efficiency the air excess with chain grate 
and Ilhnois coal may range from 50 to 75 per cent. To take care of 
possible reduction in efficiency, leakage and other adverse influences 
assume a total air excess of 100 per cent. 

Theoretical air per 10,000 B.t.u. = 7.5 lb. (See Table 13.) 

Theoretical air per lb. of coal = 7.5 = 8.4 lb. 

Actual air per lb. of coal = 8.4 X 2 = 16.8 lb. 

Probable weight of flue gas per lb. of coal = 17.5 lb. 

(If the ultimate analysis of the coal is known the weight of the prod- 
ucts of combustion may be calculated as shown in paragraph (22). 
If the per cent of CO 2 is assured this quantity may be calculated or it 
may be taken directly from Table 54.) 

Weight of flue gas = SiTiTT ~ pounds per sec. 

ooUU 

188 

Total volume of flue gas — = 4500 cu. ft. per sec. 

U.U41o 


(The density of the flue gas varies considerably with the nature of 
the fuel and the air excess.) 


TABLE 54. 


WEIGHT OF GASES FOR DIFFERENT PERCENTAGE OF CO 2 WHEN CO = O. 


Per cent CO 2 in the dry gases by vol- 
ume 

18.7 

18 0 

17.0 

16.0 

15 0 

14.0 

13 0 

12.0 

Excess air in per cent of the theoreti- 
cal minimum 

0 

4.0 

10.0 

17.0 

24.0 

33 0 

43.0 

54.0 

Weight of gases per 10,000 B.t.u 

7.8 

8.1 

8.6 

9.1 

9.6 

10.3 

11.0 

11 9 

Per cent of CO 2 in the dry gases by 
volume 


11.0 

10.0 

9.0 

8.0 

7.0 

6.0 

5.0 

Excess air in per cent of the theoreti- 
cal minimum 


68.0 

85.0 

105.0 

130 0 

162.0 

206.0 

267.0 

Weight of gases per 10,000 B.t.u. in 
the coal 


12.9 

14.2 

15.7 

17.6 

20.0 

23.3 

27.8 




TABLE 55. 

AVERAGE VELOCITY OF CHIMNEY GASES. 


Volume of chimney gases discharged, 
cu. ft. per sec 

10 

100 

500 

2500 

5000 

8000 

12,000 

Average velocity at maximum load, ft. 
per sec 

10 

15 

20 

25 

30 

35 

40 


These values are based upon data compiled from 200 modern chimney installations of various heights 
and diameters. There appeared to be no definite relationship between volume and velocity and the 
values in the table represent gross averages only. 
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Assume 30 ft. per sec. as the average velocity of the gases. (See 
Table 55.) 

Area = = 150 sq. ft. 

Corresponding diameter = 13.8 ft. or 165 inches. 

It will be noted that numerous assumptions have been made in the 
foregoing analysis, consequently the reliability of the results depends 
entirely upon the accuracy of these assumptions. Because of the 
possible variation in practice of these assumed values, and because in 
many situations they camiot be approximated with any degree of ac- 
cui'acy, many engineers prefer to proportion the area on such empirical 
equations as (5) and (12), Table 56.^ 

Thus, Kent’s rule, equation (5), gives 

0.3 X 9000 ,,^^^ 1 ^ 0 .. 4 ^ 4 - 

Effective area = 7 = — X 0.86 == 163 sq. it. 

V202 

Corresponding actual diameter — 177 inches. 

Kent’s equation is based on a coal consumption of 5 lb. per boiler 
horsepower-hour, therefore 4.3 ~h 5.0 = 0.86 is the correction factor 
for the given conditions, hence the effective area as calculated from 
Kent’s equation should be multiplied by 0 . 86 . 

According to equation ( 12 ), Table 56, 

D = 4.92hp.o4 
= 4.92 X 60000-4 
= 160 inches. 

For small hand- fired plants it is sufficiently accurate to ado])i. the 
following proportions : 

Internal area of the chimney, one-fifth to one-sixth of the connected 
grate area for bituminous coal and one-seventh of th(^< gi-ai(^ area for 
anthracite. 

The following heights have been found to give good rcsult.s in plants 


of moderate size: 

I’oot 

With free-burning bituminous coal 90 

With anthracite, medium and large sizes 120 

With slow burning bituminous 140 

With anthracite pea 1 .50 

With anthracite buckwheat 175 

With anthracite slack 200 


For plants of 800 horsepower or more the height of stack for coal 
burning should never be less than 150 feet, regardless of th(i kind of 
coal used. Natural draft greater than 1.5. in. of water is wikloiu 
necessary and higher intensities can be obtained much better by forced 
or induced draft. This limits the height of chimney to about 225 
to 250 ft. 

In proportioning the area of the stack on a gas basis the data in I’ubles 
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54 and 55 may be used as a guide. By plotting the data compiled from 
a number of modern chimne^-s the relation between velocity and area 
appeared to be approximately as follows: 

7 - (6.2 + 0.005 H) F', (77) 

in which 

V = average actual maximum velocity of the chimney gases, ft. per 
sec., 

D = diameter of the chimney, ft., 

7' = theoretical velocity, ft. per sec., assuming that the total theo- 
retical draft is available for producing velocity. 

12$. Empirical CMmney Equations. — The various empirical formulas 
outlined in Table 56 are occasionally used in proportioning chimneys. 
They give good results within the limits of the assumptions upon which 
they are based, but otherwise may lead to absurd results, their applica- 
bility depending largely upon the available data covering the various 
losses with the particular kind, quality, and condition of coal, and con- 
ditions of operation. Occasionally practical and local considerations 
fix the height of the stack irrespective of theoretical deductions. 

Referring to Table 56, equations (1), (2), (6), (7), and (9) are based 
upon a fuel consumption of 13 to 15 pounds of anthracite and 22 to 26 
pounds of bituminous coal per square foot of grate area per hour. In 
equations (3), (4), and (9), the diameter is dependent solely upon the 
quantity of coal burned per hour and the height is determined mainly 
by the rate of combustion per square foot of grate. The results accord 
well with practice. With western coals equation (3) gives results rather 
too large and the constant should be 120 instead of 180. Equation (5) 
is perhaps the most used and has met with much approval. It is based 
on the assumptions that: 

1. The draft of the chimney varies as the square root of the height. 

2. The retardation of the ascending gases by friction may be con- 
sidered due to a diminution of the area of the chimney or to a lining of 
the chimney by a layer of gas which has no velocity and the thickness 
of which is assumed to be 2 inches. Thus, for square chimneys, 

E = D^-^ = A-^VA, (78) 

and for round chimneys, 

E = '^(d^- ^) = A- 0.591 VJ. (79) 

For simplifying calculations the coefi&cient of VA may be taken as 0.6 
for both square and round chimneys, and the equation becomes 

F/ = A - 0.6 Va. 


(80) 
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3. The horsepower capacity varies as the effective area E. 

4. A chimney should be proportioned so as to be capable of giving 
sufficient draft to permit the boiler to develop much more than its 
rated power in ease of emergencies or ‘to permit the combustion of 
5 pounds of fuel per rated horsepower per hour. 

5. Since the power of the chimney varies directly as the effective 
area E and as the square root of the height H, the equation for horse- 
power for a given size of chimney will take the form 

Hp. = CE VH, (81) 

in which (7 is a constant, found by Mr. Kent to be 3.33, obtained by 
plotting the results from numerous examples in practice. 

The equation then assumes the form 

Hp. = 3.33 E VH, 

or __ 

Hp. = 3.33 (A - 0.6 VA) Vh, 

from wMch. 

Table 57 has been computed from equation 5, Table 56. 

130 . Stacks for Oil Fuel. — In designing stacks for oil fuel or gas 
firing the procedure is the same as for coal burning, that is, the height 
is made sufiiciently great to maintain the required draft in the furnace 
at maximum overload and the area is proportioned to take care of the 
maximum volume of gases generated. Excessive draft greatly influ- 
ences the economy of oil-fired furnaces, whereas with coal firing there 
is rarely danger of too much draft. Consequently greater care must 
be exercised in estimating the various draft losses through the boiler 
and breeching. With oil fuel there is practically no loss of draft through 
the fuel bed and grate and the pressure loss through the boiku* will be 
less because of the smaller volume of gases discharged per boiler horse- 
power hour. Furthermore, the action of the burner itself acts t-o a 
certain degree as a forced draft. Therefore, both the height and area 
of the stack for a given capacity of boiler will bo less for oil-firing Hum 
for coal-firing. Table 58 calculated by C. R. Weymouth (Trans. A.S. 
M.E., Vol. 31 1912) after an exhaustive study of data pertaining to 
the subject may be used as a guide in proportioning stacdcs for oil fuel 

ISl. ClassificaMoii of OMmneys. — Chimneys may be grouped into 
three classes according to the material of construction: 

1. Steel. 

2. Reinforced concrete. 

3. Masonry. 


(82) 

(83) 

(84) 
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TABLE 67. 

SIZE OF CHIMNEYS FOR STEAM BOILERS, 
Kent’s Formula 
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Steel chimiieys have many advantages and are finding much favor 
in large power plants, especially" where economy of space warrants 
the erection of the stack over the boiler, in which case the structural 
work of the boiler setting answ^ers for both boiler and chimney. Among 
the advantages over the masonry construction are: (1) ease and rapid- 
ity of construction; (2j less weight for a given internal diameter and 
height; (3) less surface exposed to the wind; (4) lower cost; (5) smaller 
space required; (6) slightly higher efldciency if properly calked, for 
there can be no infiltration of cold air as is likely through the cracks 
in masoniy. The chief disadvantage is the cost of keeping the stack 
well painted to prevent rust and the corrosive action of the sulphur 
in the coal. 

TABLE 58. 

STACK SIZES FOn OIL FUEL. 


Height in Feet Above Boiler-room Floor. 


Stack Diam- 


eter, Inches. 

80 

90 

100 

120 

140 

160 

33 

161 

206 

233 

270 

306 

315 

36 

208 

253 

295 

331 

363 

387 

39 

251 

303 

343 

399 

488 

467 

42 

295 

359 

403 

474 

521 

557 

48 

399 

486 

551 

645 

1 713 

760 

54 

519 

634 

720 

847 

933 

1000 

60 

657 

800 

913 

1073 

I 1193 

1280 

66 

813 

993 

1133 

1333 

1480 

1593 

72 

980 

1206 

1373 

1620 

1807 

1940 

84 

1373 

1 1587 

1933 

2293 

2560 

2767 

96 

1833 

2260 

2587 

3087 

3453 

3740 

108 

2367 

! 2920 

3347 

4000 

4483 

4867 

120 

3060 

1 

1 3660 

4207 

5040 

5660 

6160 


Figures represent nominal rated horsepower^ sizes as given are good for 50 per cent overloads. Based 
on centrally located stacks, short direct flues and ordinary operating efficiencies. 


steel chimneys may be; 

1. Guyed. 

2. Self-sustained. 

133. Guyed CWmueys. — Guyed sheet-iron or steel chimneys or 
stacks held in position by guy wires are employed in small sizes on 
account of their relative cheapness. They seldom exceed 72 inches 
in diameter and 100 feet in height. A heavy foundation is unnecessary 
for the smaller sizes and the stack may be supported by the boiler 
breeching. The small short stacks are ordinarily riveted in the shop, 
ready for erection, larger sizes being shipped in sections and riveted 
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at the place of installation. In addition to a liberal allowance for cor- 
rosion the material is made heavy enough to support its own weight and 
to prevent buckling under initial tension of the guy wires and the stress 
due to wind action. The thickness of shell is ordinarily based on ar- 
bitrary rules of practice and no attempt is made to calculate this value 
by stress analysis. Table 59 gives the thickness of material as advo- 
cated by a number of manufacturers. 


TABLE 59. 

APPROXIMATE WEIGHT AND COST OF GUYED SHEET-STEEL CHIMNEYS. 







^Roof Line Slope ^10 
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gases. Since the lining plays no part in the strength of the chimney, it 
is made only thick enough to support its own weight, and usually of a 
low-grade fire brick or carefully burned common brick or both. In 
average practice the fire brick extends 20 or 30 feet above the breech- 
ing, the remainder of the lining being of common brick. In chimneys 
up to 80 inches internal diameter, the upper course is 4| inches thick 
and increases 4| inches in thickness for each 30 to 40 feet to the bottom. 
In larger chimneys about 8 inches is the minimum thickness. The 
lining is generally set in contact with the shell and thoroughly grouted, 
otherwise depreciation will be very great. 

In several recent designs vertical stiffeners are riveted to the shell 
which support horizontal rings or shelves on which the lining is built. 
The vertical stiffeners are spaced about 5 feet apart and the horizontal 
rings about 20 feet apart. By this method any section of the lining may 
be replaced without disturbing the rest. The lining is ordinarily of 
uniform thickness throughout the length of the shaft and seldom ex- 
ceeds 4 inches in thickness. 

Self-sustaining stacks may be straight or tapered, and are generally 
made with a flared or bell-shaped base whose diameter and length arc 
to 2 times the internal diameter of the stack. The base is riveted 
to a heavy cast-iron plate bolted to a concrete foundation of suffi- 
cient mass to insure stability. In the modern large station the staede is 
frequently carried on a steel structure over the boilers, thereby reducing 
ground space requirements. Such a design is illustrated in Pig. 130. 

Fig. 152 gives the details of one of the steel chimneys at the power 
house of the South Side Elevated Railroad, Chicago, Illinois. 

134. .Wind Pressure. — Sufficient data are not available to show con- 
clusively the relation between wind velocity and the resulting cdlecdive 
pressure on surfaces of different shapes. Practically all authentic? 
tests have been conducted on small flat surfaces and there is evidcuico 
to believe that the unit pressure exerted on large surfacics is somewhat 
less than that obtained from the former. Exporim.cnts condindiKl by 
different authorities show that the pressure p(?r square foot; of flat 
surface bears the following relationship to the wind pressure: " 

ta which = 

K = coefficient determined by experiment, 

P = wind pressure, lb. per sq. ft., 

V = wind velocity, miles per hour. 

The value of K as determined by the different investigators varies 
from 0.0029 to 0.005. The most authentic tests givci an av(?rag(^. value 
K = 0.0032. This corresponds to a presvsure of 32 lb. per sep ft. of 
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flat surface for a wind velocity of 100 miles per hour. Practically all 
chimneys are proportioned on a maximum wind velocity of 100 miles 
per hour, but the unit pressure corresponding to this velocity is gener- 
ally assumed to be 50 lb. per sq. ft. of flat surface. Considering the 
unit pressure on a flat surface as 1, according to Rankine, the effective 
pressure for the same projected area is 0.75 for the hexagonal, 0.6 for 
octagonal, and 0.5 for round columns. Henry Adams, Industrial 
Engineering, 1912, p. 197, states that these figures are not in accord- 
ance with modern experiments and that the factors should be 0.785 for 
round and 0.82 for octagonal shafts. Current practice allows 25 to 
30 lb. per sq. ft. of projected area as the maximum unit pressure on 
round shafts. That 25 lb. per sq. ft. allows sufficient margin for safety 
is evidenced by the fact that chimneys proportioned on this basis are 
successfully withstanding the most violent gales. 

135. Thickness of Plates for Self-sustaining Steel Stacks. — If there 
is no wind blowing the only stress to be considered in the shell at any 
section is that due to the weight of the material itseff, thus: 


= (85) 

in which ^ 

Si = stress (compression) due to the weight of the material, lb. per 
in. If the shaft is in perfect alignment this stress is uni- 
formly distributed over the entire cross section under con- 
sideration. 

W = weight of the shaft above the section under consideration, lb. 
If the lining is independent of the steel structure 'then the 
weight of the latter only is to be considered, but if the lining 
is supported by ledges secured to the shaft then the weight 
of the lining must be added to that of the steel. 
di = external diameter of the tube, in., 
cfe = internal diameter of the tube, in. 


When the wind is blowing there is an additional stress due to bending. 
This is a tension on the windward side and a compression on the leeward 


side, thus, 
in which 



( 86 ) 


S 2 = stress in the outer fiber due to wind pressure, lb. per sq. in., 

P = the total wind pressure, lb., 

h = distance from the section under consideration to the center of 
! / wind pressure, in. For a cylindrical shaft, h = ^ hdght of 
shaft above section. 
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The net stress, S, is therefore 


S = Si±& = 


W 



(87) 


Equation (87) may be written 

_ \W(d^^ + ck^) ^S\±Ph 

IT f di* — di* \ 

32l 1 


( 88 ) 


((Ij2 ^ 8 is commonly called the radius of the statical moment 

(see paragraph 143). Designating this quantity by q, equation (88) 
reduces the convenient form 


S = {Wq ±P/i)-f 


(89) 


Because of the liberal factor allowed for the safe working stress and 
because a tube of large diameter with thin walls will probably fail by 
flattening or buckling on the leeward side and not by tension of the 
windward side, the influence of the weight of the material is ordi- 
narily neglected and the shaft is treated as a cantilever subject to wind 
pressure only. Wq therefore is neglected and equation (88) becomes 

8 = Ph^j (90) 


Since the thickness of the wall is a small fraction of the diameter 

the section modulus - becomes, approximately, 

0 


- = 0.7854 
e 

in which 

t = thickness of the shell in inches. 
Substituting this value in equation (90) 

^ Ph . 
0.7854 dji 


(91) 


A number of steel stack builders simplify equation (91) still further 
by making the constant 0.8, thus 


S = 


Ph 

0.8 dH 


(92) 


Considering the stress. S', per lineal inch instead of that per sq. in. 
equation (92) becomes 




Ph 

0.8di»‘ 


(93) 
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Example 19: Determine the thickness of plate at a section. 150 feet 
from the top of a cylindrical steel stack 12 feet in diameter and 200 
feet high. Horizontal seams to be single riveted. 

The total wind pressure on the section is 

P = 150 X 12 X 25 * = 45,000 lb. 

The moment arm is 

1 

h = X 12 = 900 inches. 

S = 8000 lb. per sq. in. (A common allowance for safe stress is 
8000 lb. per sq. in. for single riveted and 10,000 for double 
riveted joints.) 

Substituting these values in equation (93) 


from which 


8000 = 


45,000 X 900 
0.8 X 144 ^ ' 


t = 0.305. 


The nearest commercial size lies between and 


TABLE 60. 

STEEL STACKS. — SIZES OF RITER CONLEY COMPANY, PITTSBURG. 


Diameter 
of Flue. 

Total 

Height. 

Total 

Weight. 

How Made. 

Ft. 

In. 

Ft. 

Lb. 


5 

6 

165 

67,000 

40 ft. of ^ in., 45 ft. of ^ in., 50 ft. of ^ in., 30 ft. of 
I in. 

7 

0 

160 

79,000 

30 ft, of ^ in., 50 ft. of { in., 50 ft. of ^ in., 30 ft. of 
I in. 

8 

6 

150 

94,000 

60 ft. of 1 in., 60 ft. of ^ in., 30 ft. of f in. 

10 

0 

200 

150,000 

90 ft. of 1 in., 60 ft. of ^ in., 50 ft. of f in. 

12 

0 

200 

175,000 

35 ft. of i in., 35 ft. of in., 35 ft. of ^ in., 35 ft. 
of H in., 35 ft. of I in., 25 ft. of §| in. 

11 

6 

225 

232,000 

40 ft. of i in., 40 ft. of ^ in., 40 ft. of ^ in., 40 ft. of 
in., 40 ft. of 1 in., 25 ft. of ^ in. 

12 

0 

255 

256,000 

75 ft. of } in., 65 ft. of ^ in., 55 ft. of | in., 35 ft. 
of A in., 25 ft. of i in. 


136. Kiveting. — The diameter of rivets should always be greater 
than the thickness of the plate but never less than one-half inch. The 
pitch should be approximately 2| times the diameter of the rivet, and 
always less than 16 times the thickness of the plate. Single-riveted 
joints are ordinarily used on all sections except the base, where the 
joint should be double riveted with rivets staggered, although in very 
large stacks all horizontal seams are double riveted to give greater 
stiffness to the shaft. 


See Paragraph 133. 
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137 . StabiUty of Steel Stacks. — For stability the resisting moment 
Wtq' must be greater than the Ph overturning moment (see paragraph 
143), that is 

Wtq' > Phi* (94) 

in which 

Wt = total weight of the structure, including that of the foundation, 
and the earth filling over the base, lb., 
g' = radius of the statical moment of the foundation base, ft. , 
hi = distance from the center of wind pressure to the base, ft. 


For a square base the minimum value of gi, see equation (106), para- 
graph 143, is 



and the condition for stability is 

WtT> Phi- 
6 


(95) 


Expressed graphically: Lay off GP, Fig. 153, equal to the total wind 
pressure in direction and amount and acting at the center of pressure 
of the shaft; lay off GW equal to the weight of the stack and founda- 
tion; find the resultant GR and produce it to 
intersect the base line as at if R' falls within 
the inner third of the base the stack is stable, 
provided, of course, that the chimney is properly 
designed and constructed. Therefore the heavier 
the combined weight of the chimney and its 
foundation the more stable the structure. 

L in Fig. 153 varies from one-tenth to one- 
fifteenth depending upon the character of the 
subsoil. For the ordinary concrete foundation, 
Christie (“Chimney Design and Theory,^' p. 57) 
gives as an average value for L, 

L = + 10. (96) 


--GHP 

+ 


T\ 


Fig, 153 . 


26,000 


138 . Foundation Bolts for Steel Stacks. — There is no generally ac- 
cepted rule for proportioning foundation bolts for steel stacks. The 
various rules differ principally in the assumed location of the center 
of moments or neutral axis of the bolts when stressed by tlui over- 
turning moment. In lieu of proof to the contrary and considering 
the number of unknown factors entering into the problem tte neutral 
axis may be taken as passing through and tangent to the bolt circle, 
* Axis of the shaft assumed to bo vortical. 
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and the fiber stresses in the bolts may be assumed to be proportional 
to their distances from the axis. Thus 

Ph — Wq — SaL, (97) 

in which 

Ph = wind moment at the base ring, in-lb., 

TFg = statical moment, in-lb., 

S = maximum fiber stress in the bolts, lb. per sq. in. (To allow 
for initial stress due to tightening up, a low" fiber stress of 
12,000 lb. per sq. 
in. is commonly as- 
sumed.) 

a — area, of each bolt at 
the root of the 
thread, vsq. in. (All 
bolts assumed to 
be of the same 
diameter.) 

L = equivalent mean 
length of the bolt 
resisting moment, 
in. 

Referring to Fig. 154, 

SaL = + 2 S^c 2 Sd, (98) 

in which 

>Si, Sz = stresses in bolts. A, B-R, and C-C, respectively, lb., 

h, c, d = respective moment arms relative to neutral axis XX, in. 

Since the stress in each bolt is assumed to be directly proportional 

c d 

to its distance from the neutral axis, S 2 = Sir and 8z ^ Sir. Sub- 

0 0 

stituting these values in equation (98) and noting that Si == Sa, equation 
(98) reduces to 

L = i (&" + 2c2-l-2cP). (99) 

The value of L becomes 


Number of bolts 6 8 10 12 16 24 36 

L = 5X 2.25 3.00 3.88 4.58 G.OO 8.90 12.40 


Example 20: Calculate the size of bolts necessary for a steel stack 
with conditions as follows: Overturning moment 2,750,000 in-lb., bolt 
circle dimeter 82 in., 6 bolts, allowable stress 12,000 lb. per sq. in. 



Fig. 154. 
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Here P/i - Wq = 2,750,000; S - 12,000; L == 2.25 X 82 - 184.5. 
Substituting these values in equation (97) 

2,750,000 == 12,000 X a X 184.5; 
a = 1.24 sq. in. 

Nearest commercial size corresponding to this area, 1^ in. diam. 

Foundation Bolts for Steel Chimneys: E. A. Hess, Power, Oct. 5, 1915. 

Demgn of Steel Stacks: Eng. & Contr., Nov. 22, 1916, p. 440; Oct. 25, 1916, 
p. 369, 

Design and Construction of a 400-/i{. Steel Stack: Eng. & Contr., Aug. 25, 1915, p. 140. 
Reasons for Corrosion of Steel Smokestacks and Ways to Prevent it: Elec. Wld,, 
Nov. 6, 1915, p. 1033. 

m. Brick CMmneys. — By far the greater number of power-plant 
chimneys are of brick construction and usually of circular section, 
though octagonal, hexagonal, and square sections are not uncommon. 
The round chimney requires the least weight for stability, and the 
others in the order mentioned. 

Brick chimneys may be divided into two general classes : 

1. Single shell, Fig. 158, and 

2. Double shell. Fig. 156. 

The double shell is the more common and consists of an outer shaft 
of brickwork and an inner core or lining cxtcmdirig part 
way or throughout the entire length of the shaft. 

The single shell is the general construction wlun’C 
carefully burned and selected brick not easily affe.cded 
by the heat are used. As the inner core or lining is 
independent of the outer shell and Inis no pari in (ho 
strength of the chimney, the rules for determining the 
thickness of the walls arc practically the same for botli 
single and double shell. 

140. Thickness of Walls- — The thiiskncss of (hci wall 
should be such as to require minimum wcughl of nuii,(v 
rial for the proper degree of stability, diu^ (‘-onsidei'aliou 
being paid to the practical requirements of (construc- 
tion. The thickness docs not vajy uniformly, but 
decreases from bottom to top by a seric^s of si(q)S or 
courses as in Fig. 155. In genenil, tlu^ thic^kiuHS at 
" any section should bo su(‘.h that the nvsult^int. si-rcHs of 
wind and weight of shafti will not put* the* masonry in 
tension on the windward side or in excevssive (iompres- 
sion on the leeward side. 

For circular chimneys using common real briedi for (be initca* shell 
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the following approximate method gives results in conformity with 
average practice: 

^ = 4 + 0.05 d + 0.0005 H, (100) 

where 

t = thickness in inches of the upper course, neglecting ornamenta- 
tion, and should, of course, be made equal to the nearest 
dimension of the brick in use. Ordinary red bricks measure 
8i X 4 X 2. 

d = clear inside diameter at the top, inches, 

H = height of stack, inches. 

Beginning at the top with this thickness, add one-half brick, or 
4 inches, for each 25 or 30 feet from the top downwards, using a batter 
of 1 in 30 to 1 in 36. 

The minimum value of t for stacks built with inside scaffolding 
should be 7 inches for radial brick and SJ inches for common brick, 
as a thinner wall will not support the scaffold. Radial brick for chim- 
neys are made in several sizes, so that the thickness of the walls when 
they are used increases by about 2 inches at the offsets. 

For specially molded radial brick or for circular shells reinforced as 
in Fig. 156 the length of the different courses may be much less than 
stated above. The external form of the top is a matter of appearance, 
and may be designed to suit the taste, but should be protected by a 
cast-iron or tile cap and provided with lightning rods. Ladders for 
reaching the top of the chimney are generally located inside the brick 
stacks and outside the steel structures. 

Professor Langes rule (Eng. Rec., July 20, 1901, p. 53) for determin- 
ing the length of the different courses is (Fig. 155) : 

A = C (20 < + 60 z + 0.1056 (? + 2.5 I + 656 tan a - 0.007 H 

- 0.453 V - I 8 . 7 ), ( 101 ) 

in which 

h = length of the course under consideration, 

C = constant = 1 for a circular, 0.97 for an octagonal, and 0.83 for 
a square, chimney, 

i = increase in thickness for each succeeding section in feet, 

G == weight per cubic foot of brickwork, 
p = wind pressure, pounds per square foot, 
a = angle of the internal batter. 

All other notations as indicated in Fig. 155. 

For chimneys over 100 feet in height he recommends that 100 be 




Fig. 156. Brick Chimney at the Power Plant of the Armour Institute of 'I’oehnology. 
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used instead of the actual height, since the critical point will be in 
one of the lower sections and not at the base. 

If a value of h is obtained which is not contained an even number 
of times in If, it may be slightly increased or decreased so as to effect 
this result. 

To determine the stresses at any section the shaft is treated as a 
cantilever uniformly loaded with a maximum wand pressure of 25 
pounds per square foot. If the tension on the windward side sub- 
tracted from the compression leaves a positive remainder, the chimney 
will be stable; if the remainder is negative, the masonry will be in 
tension, which it withstands but feebly. The sum of the compressive 
stresses on the leeward side due to wind pressure and weight must be 
less than the crushing strength of the masonry. The practice, however, 
of assuming a fixed value for allowable pressure irrespective of the 
height of the stack gives dimensions that are too low for small stacks 
and too high for large stacks. According to Professor Lang, compres- 
sive stress on the leeward side in poimds per square inch with single 
chimneys should not exceed 

p = 71 + 0.65 L, (102) 

where 

p = pressure in pounds per square inch, 

L = distance in feet from top of chimney to the section in question. 
With double shell p = 85 + 0.65 L, (103) 

The tension on the windward side should not exceed, 

for single shell: p = (18.5 + 0.056 L), (104) 

for double shell: p = (21.3 -f 0.056 L). (105) 

Example 21. Determine the maximum stress in the outer fiber of 
the brickwork at the base of section 8 of the chinmey illustrated in 
Fig. 158 when the wind is blowing 100 miles an hour. Assume the 
weight of the brickwork 120 pounds per cubic foot. 

A wind velocity of 100 miles per hour is estimated to exert a pres- 
sure 25 pounds per square foot of projected area on a cylindrical surface. 
(See paragraph 133.) The height of the chimney to section 8 is 131.4 
feet. The projected area as computed from the figure is 1800 square 
feet. Hence p, the total wind pressure, is 1800 X 25 = 45,000 pounds. 
The volume of brickwork above section 9 may be calculated, and is 

6150 cubic feet, hence the weight W == 6150 X 120 = 738,000 pounds. 

The area of the joint at this section is 75.3 square feet, therefore the 
pressure due to the weight of the superimposed brickwork is 738,000 
divided by 75.3 = 9800 pounds per square foot. To find the stress 
due to the wind pressure, substitute the proper values in equation (86): 

Ph = S^ = 0.0983 ( — ~^ ;S. 
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Here 

P = 45,000 as computed above, 

h = 55 feet (found by laying out the section and locating the center 
of gravity), 

di = 16.2, 

d = 12.9, 
whence 

10 2^ “ 12 9^ 

45,000 X 55 == 0.0983 ^ 

from which S = 9907 pounds per square foot. 

The net stress on any part of the section is the resultant of that due 
to the weight of the stack and that caused by the wind, the net stress 
on the windward side being 

9907 — 9800 = 107 pounds per square foot, 

which is evidently a tensile stress and should never exceed the value 
given by formula (104) : 

p = (18.5 + 0.056 L) 

- (18.5 + 0.056 X 131.4) ^ 

= 25.8 pounds per square inch 
= 3715 pounds per square foot. 

The net compressive stress on the leeward side is 9800 + 9907 = 
19,707 pounds per square foot, which should not exceed that given by 
formula (102) : 

p == 71 +0.65L 
= 71 + 0.65 X 131.4 
= 156.4 pounds per square inch 
== 22,521 pounds per square foot. 

Ml. Core and Lining. — The core or lining of a brick chimney is 
commonly carried to the top of the shaft, though it sometimes exixuids 
only part of the distance. The inside diameter is gcaicrally uniform, 
the offsets being made on the outside. The core and outer sludl should 
be independent to prevent injury due to expansion of the core. The 
rules for the thickness of lining in steel chimneys apply also to brick 
chimneys. The batters for the inner and outer shells should such 
as to allow at least 2 inches clearance between the two sliafts at the 
top, and the top should be protected by an iron ring or by a projecting 
ledge from the outer shell. 

M3. Materials for Brick Chimneys* — Brick for i,hc external shaft 
should be hard burned, of high specific gravity, and laid with lime 
mortar strengthened with cement. Lime mortar itsedf is more resist- 
ant to heat, but hardens slowly and may cause distortion in newly 
erected tacks, and hence should be used only when a long time is 
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taken in building. ]Mortar of cement and sand alone is not to be recom- 
mended, since it does not resist heat well and is attacked by carbon 
dioxide, particularly in the presence of moisture. A mortar consisting 
of 1 part by volume of cement, 2 of lime, and 6 of sand may be used for 
the upper brickwork, 1, 2|, and 8 respectively for the lower part, and 1, 1, 
and 4 respectively for the cap. The harder the brick the more cement is 
necessar}^, as lime does not cling so well to hard, smooth surfaces. The 
inner core may be constructed of second-class fire brick, since the tem- 
perature seldom exceeds 600 deg^ fahr. Lime mortar is invariably used 
for the core. 

143. Stability of Brick Chimneys. — When there is no wind blowing 
and the chimney is built symmetrically about a vertical axis the pres- 
sure due to weight is uniformly distributed 
over the bearing surfaces, and the center of 
pressure lies in the line XX, Fig. 157. But 
when the wind blows the pressure exerted 
tends to tilt the shaft as a whole column in 
the direction of the current, and the re- 
sultant pressure at the windward side of the 
base decreases, until, with a sufficiently high 
velocity of wind, it may become zero, in 
which case the center of pressure moves a 
distance q towards the leeward side of the 
base. As soon as the pressure at A be- 
comes zero the joint begins to open (assum- 
ing no adhesion between chimney and base) 
and the shaft is evidently in the condition 
of least stability. The distance q through 
which the center of pressure has moved is called the radius of the statical 
moment. For any column it may be shown that 



Fig. 157. 


^ '^Applied Mechanics, p. 229), (106) 

in which 

1 = moment of inertia of the section, 

A == area of the section, 

e = distance from the center of the shaft to the outer edge of the 
joint. . 

r 


Thus for a solid circular section, q 


D 

s' ^ 


For a solid square section, 


«= 6 - 


(jti) ) 


t 

V 
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For an annular circular ring, 

For a hollow square, 

The relationship between weight of shaft and wind pressure for the 
condition of least stability is 

Ph = Wq, (107) 

in which 

P - total wind pressure, pounds, 

h = distance in feet from the base line of the section under con- 
sideration to center of gravity of that section, 

W = weight of shaft in pounds above the assumed base line, 
q = radius of the statical moment. 

The condition of least stability for round chimneys requires, there- 
fore, that 

Ph = W (108) 

For many purposes it is sufficiently accurate to assume D d, and 
equation (77) becomes 

Ph = for round chimneys, (109) 

L 

Ph = for square chimneys. (110) 

Another rule gives for the condition of least stability: 

WiiR + lr) =Ph. (Eng. Rec., July 27, 1901, p. 82.) ’ (111) 

Notations as in Fig. 108, all dimensions in feet. 

This permits of a lighter chimney than equation (108), and the maxi- 
mum wind pressure may be assumed to put the joint on the windward 
side in tension or even to permit a slight opening of same. 

A rule of thumb for stability is to make the diameter of the base one- 
tenth of the height for a round chimney; for any other shape to make 
the diameter of the inscribed circle of the base one-tenth of the height. 

The factor of stability is the quotient ol)taincd by dividing th(^ value 
of q from formula (107) by that from (106). If less tliati unity, the 
chimney is in tension at the outer fiber on the windward side, and must 
be redesigned unless the tension is less than that allowed by eciuation 
(104). Calculations for stability should be made for various sections. 

Example 22. Analyze the chimney illustrated in Pig. 158 for stability 
at, say, section 8, the following data referring to the portion above the 
base line of this section. 


Z)2 

^ - 8D ' 
L^ + P 
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From the drawing: 

Projected area of the stack, 1800 square feet. 
Volume of brickwork, 6150 cubic feet. 

Outside diameter of base, 16.2 feet. 

Inside diameter of base, 12.9 feet. 

Center of pressure to base line, 55 feet. 

Total height above base line, 131.4 feet. 

Maximum total wind pressure : 

P — 1800 X 25 = 45,000 pounds. 

Weight of shaft: 

W = 6150 X 120 = 738,000 pounds. 
For stability, according to equation (55), 


Ph<W 


SD 


Substituting the proper values: 

Ph = 45,000 X 55 = 2,475,000 foot-pounds. 


8 X 16.: 
8D 


While Ph is slightly greater than TF— , for practical purposes 


the shaft at this section would be called stable under maximum allow- 
able wind pressure. 

For stability, according to equation (111), 

Ph<W(iE + ir), 

Ph = 2,475,000, as determined above, 

^ ^ + r ) = (t + “ r ) 

= 4,177,000. 

Ph is therefore considerably less than W (^- li -\- } r), and flic con- 
dition imposed in equation (111) is more than fulfilled. 


The Design of Tail Chimneys: Henry Adams, Industrial KiiKiucicring, Mandi, 1912, 
p. 198. Design of a Brick Chimney: Eng. News, May 9, 1912, p. 8(i(i. 

144. Custodls Radial Brick Chimney. — Fig. 158 gives the details of 
a 200 X 10-foot radial brick chimney constructed of spcHjial inoldtHl 
radial brick, formed to suit the circular and radial lines of each sec.tion, 
thus permitting them to be laid with thin, even mortar joints. The 
blocks are much larger than common brick and the number of joints is 
proportionately reduced. They arc molded with vertical perforations, 
as shown in Fig. 159, which permits thorough burning, thereby in- 
creasing the density and strength and at the same time reducing tho 
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weight of the block. In lading, the mortar is worked into the per- 
forations about one-half inch. The first 60 feet above the base are 
octagonal in section, with 36-inch w-alls, and the balance of circular 
section, with walls tapering gradually from 22 inches to 7| inches in 
thickness. A radial brick lining extends 60 feet from the base as in- 
dicated. The chimney was designed ^ 

to furnish draft for a 3500-horse- (|Sbb/ (IbbbI (IbbSI 

power boiler plant and cost, erected, i UboI I USb/ 

$8,800. The entire weight of the 
chimney exclusive of foundation is Uiir 
870 tons. 

Radial brick chimneys without /TbbbI 

the inner lining are likely to be iJMir 

unduly affected by temperature 

changes Radial Brick. 

The largest chimney of this type is located at Great Falls, Mont., 
and is used for leading off the gases from the smelter plant of the Boston 
and Montana Consolidated Copper and Silver Mining Company. 
The height above the top of the foundation is 506 feet, and the internal 
diameter at the top 50 feet. The chimney and foundation cost approx- 
imately $200,000. 

Cusiodis Chimney Details: Eng. Rec., Oct. 1, 1904, p. 385; Power, May, 1900, 

p. 12. 


145. Wiederholt Chimney. — This type of chimney consists essen*- 
tially of a combination of the masonry and reinforced concrete struc- 
tures. The inner and outer surfaces of the shaft are formed by 

hard burned fire clay tile of special design as illus- 
trated in Fig. 160. When placed in position these 
tile form a permanent mold into which the reinforc- 
ing bars and concrete may be introduced. Both 
vertical and horizontal reinforcing bars are incor- 
porated in the structure in much the same manner 
Fig 160 Tile for Weber type. Because of the tile lining 

Wiederholt ChhLey^ temperatures may be safely carried 

than with concrete type and the color may be 
readily made to match that of the power house or adjoining buildings. 

146. Steel-Concrete Chimneys. — The use of concrete reinforced with 
iron or steel for the construction of chimneys is rapidly increasing. The 
advantages claimed for this class of stack are: 

1. Light weight of the whole structure, being but one-third as great 
as an equivalent common bpck chimney. The space occupied is much 
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Fig, 161 . Weber '^Coniform'’ HeiDforced Ooucrctc Chimtiey. 
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less than with either brick or steel stack, on account of the thinness of 
walls at the base and the absence of any flare or bell. 

2. Total absence of joints, the entire structure including foundation 
being a monolith. 

3. Great resisting power against tension and compression. 

4. Rapidity of construction. May be erected at an average rate of 
six feet per day. 

5. Adaptability of the material to any form. 

This type of chimney being comparatively new, little data concerning 
depreciation are available, but some which have been in use ten years 
show little or no deterioration. 

Fig. 161 gives the details of a Weber “coniform" steel-concrete 
chimney as erected at Grafton, Mass., for the Grafton State Hospital. 
The entire structure, foundation, shaft and lining is monolithic, 157 
feet in total height, seven feet internal diameter and weighs only 344 
tons. It occupies but 108 square feet of ground space at grade level. 
The weight of the shaft and lining is 249 tons. 

The shaft is of the double shell type with inner core extending 65 feet 
above the grade. The core is but 4 inches in thickness and the shaft 
varies from 10-^^ inches at the junction of the core and shaft to 4 inches 
at the top. The core reinforcement consists of twelve vertical |-inch 
twisted steel bars and similar horizontal bars woimd spirally at 14-inch 
centers. The vertical reinforcement in the outer shell varies from fifty- 
two |-ineh twisted bars at the grade to twelve |-inch bars at the top. 
The horizontal reinforcement consists of ^-inch twisted steel rings 
spaced at 14-inch centers along the entire height of shaft and wound 
spirally. The steel bars vary from 16 to 30 feet in length and where 
they meet lengthwise are lapped not less than 24 inches. The use of 
different lengths of steel prevents the laps from concentrating in any 
given section. 

The tallest chimney in the world is of this type and is located in 
Japan. It is 567 feet high and 26 feet 3 inches in diameter at the top. 

The dete rmina tion of the amount of steel reinforcement does not 
permit of simple mathematical calculation because of the number of 
variables entering into the problem and graphical charts plotted from 
semi-rational formulas offer a simple solution. The curves in Fig. 162 
are reproduced from “Principles of Reinforced Concrete,” p. 408, 
Turneaure and Maurer, and are used extensively in this connection. 
The use of the chart is best illustrated by a specific example. 
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0.5 1.0 ’4 /4 ^ 1 '^ 



Values of Eocontcioity*, 

Fig. 162 . Wind Stresses in Steel-Oonorcte Cliiimioys,. Crumcuiuro and 

Maurer.) 
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Strain Sheet 

Example 23. Determine the amount of reinforcement required for 
the chimney illustrated in Fig. 161 at section BB. 

From the drawing we find: 

D = 11 ft. 9^ in. f = radius of the steel circle = 5.79 ft. 

d = 10 ft. l|in. h = 153 ft. 

^ The following values may be obtained by simple arithmetic computa- 
tions, but the actual calculation will be omitted for the sake of brevity. 

W, weight of shaft above section BB, 409,000 lb. 

Aj area of shaft above section BB, 4320 sq. in. 

M, wind moment above section BB, 2,600,000 ft-lb. 

i¥ 

6, eccentricity = ^ = 6.36 ft. 

^ = 1.1. 

r 

Assume a maximum compression in the concrete of fc = 360 lb. 
per sq. in. (In practice this assumed value varies from 350 lb. per 
sq. in. for chimneys under 150 ft. in height to 500 lb. per sq. in. for 
chimneys 350 ft. high.) 

f A 

m, a coefficient = = 3.8. 

e 

From the curves in Fig. 162 the intersection of m = 3.8 and - = 1.1 

r 

gives p (per cent of steel required) as 0.53. 

, area steel 

But p = p — 

area section 

Whence area of steel = 0.0053 X 4320 = 23 sq. in. corresponding 
to 52, f4nch steel bars. 

Other sections at 20 ft. intervals have been analyzed in a similar 
manner and the results inserted in Fig. 161. 

In the earlier types of steel concrete chimneys designed and built 
by the Weber Company the amount of steel reinforcement was cal- 
culated from formula (89), but all recent structures are proportioned 
on the Turneaure and Maurer chart. The resultant stress R as cal- 
culated from equation (89) necessitates the use of more reinforcement 
than that derived from the chart. 

Evase Stacks. See paragraph 153. 

Design, Construction, and Cost of a 137-/^. Reinforced Concrete Chimney: Eng. & 
Contr., Aug. 11, 1915, p- 111. 

147. Breeching. — The area of the fliue or breeching leading from the 
boilers to the chimney is generally made equal to or a little larger than 
the internal area of the chimney at the top, 10 per cent greater being an 
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average figure. A comnion rule is to allow 1 to or 5 as the ratio of 
breeching area to grate area for ordinary service, and 1 to Sf for large 
boilers operating continually at 150 to 200 per cent rating. The flue 
may be carried over the boilers or back of the setting or even under 
the fire-room floor, but in any case should be as short as possible and 
free from abrupt turns. Underground breechings cause excessive 
pressure drop and are difficult to clean. Short right-angled turns 
reduce the draft approximately 0.05 inch for each turn, and a convenient 
rule is to allow 0.1 inch loss for each 100 feet of flue if of circular cross 
section and constructed of steel, and double this amount for brick flues 
of square section. Each additional boiler connected to the breeching 



Two or Jlore Boilers with Stack 
m Center. 


Fig. 163. Types of Breeching Connections. 

will cause a pressure drop due to friction or interference of the gases as 
they enter the breeching, or to leakage through the dampers when the 
boiler is out of service. A common rule is to allow a pressure drop of 
0.05 in. of water for each boiler connected to the breeching. The cross 
section of the flue need not be the same throughout its entire length, 
but may be tapered and proportioned to the number of boilers. Where 
two flues enter the stack on opposite sides, a diaphragm is inserted as 
indicated in Fig. 158. Flues should be covered on the outside with 
heat-insulating material, because a lining on the inside is difllcult to 
repair and deterioration might readily escape detection. A damper 
ratio of 1 to 4 expressed in terms of grate surface has given good satis- 
faction. 

148. CMmney Foundations. — On account of the concentration of 
weight on a small area the foundation of a chimney should be carefully 
designed. In most cities the building laws limit the maximum loads 
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allowed for various soils and materials, and although they vary con- 
siderably the average is approximately as follows: 


Material. Safe Load, Lb. per Sq. Ft, 

Hard-burned brick masonry, cement mortar, 1 to 2. . . . 20,000-30,000 

Hard-burned brick masonry, cement mortar, 1 to 4. . . 18,000-24,000 

Hard-burned brick masonry, lime mortar 10,000-16,000 

Concrete, 1 to 8 8,000-10,000 

Kind of Soil. Safe Load, Tons per Sq. Ft. 

Quicksands and marshy soils 0.5 

Soft wet clay 1.0 

Clay and sand 15 feet or more in thickness 1.5 

Pure clay 15 feet or more in thickness 2.0 

Pure dry sand 15 feet or more in thickness 2.0 

Firm dry loam or clay . . . 3 0-4 . 0 

Gravel wen packed and confined . . 6. 0-8.0 

Rock broken but well compacted 10 . 0-15 . 0 

Solid bed rock Up to i of its ultimate crushing strength. 


Tons per Pile. 


Piles in made ground 2.0 

Piles driven to rock or hardpan 25.0 


Chimney foundations as a rule are constructed of concrete except 
where the low sustaining nature of the soil necessitates the use of piles 
or a grillage of timber or steel. For masonry chimneys the foundation 
is designed to give the necessary support to the shaft without particular 
reference to its mass or distribution, as the shape of the foundation has 
virtually no effect on its stability as a column. In steel and reinforced 
concrete chimneys the shape and weight of the foundation are a func- 
tion of the desired factor of stability, since the shaft is securely anchored 
to the foundation and the two form practically one mass. The founda- 
tion should be designed to fulfill the conditions for shear and flexure 
in addition to the requirements for stability. 

Practically all chimney foundations are square in plan and the 
maximum pressure on the supporting surface may be calculated from 
the following equation: 


3 

in which 



P = maximum pressure due to wind and weight, lb. per sq. in., 
W = total weight of the chimney and foundation, lb., 

M 

e = eccentric ^ == wind moment divided by the weight, 
b = width of the foundation. 


Principles of Reinforced Concrete Construction, Turneaure and Maurer, p. 423. 
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For the chimney illustrated in Fig. 158 


P = 


3 


4 X 738,000 
2 X 3.35\ 
20 ) 


20 ^ 


= 3900 lb. per sq. ft. 


738 000 

The pressure due to weight only is = 1845 lb. per sq. ft. 

Table 61 gives the least diameter and depth of foundation for steel 
chimneys of various diameters and heights. 


TABLE 61. 


SIZES OF FOUNDATION FOR STEEL CHIMNEYS. 


Diameter, Feet- 

Height, Feet. 

Least Diameter of 
Foundation. 

Least Depth of 
Foundation. 

3 

100 

15' 

9^ 

6' 

0" 

4 

100 

16' 

r 

6' 

0" 

4 

125 

18' 

5'^ 

7' 

0" 

5 

150 

20' 

r 

9' 

0" 

5 

200 

23' 

S'^ 

10' 

0" 

6 

150 

21' 

10" 

8' 

0" 

6 

200 

25' 

0" 

10' 

0" 

7 

150 

22' 

7" 

9' 

0" 

7 

1 250 

29' 

8" 

12' 

0" 

9 

150 

23' 

8" 

10' 

0" 

9 

275 

33' 

6" 

12' 

0" 

11 

250 

24' 

8" 

10' 

0" 

11 

350 

36' 

0" 

14' 

0" 


149. CMmney Efficiencies. — The chimney as a mover of air has a 
very low thermodynamic efficiency. Compared with that of a fan its 
performance is very poor, and mechanical-draft concerns sometimes 
use this as an argument. 

Example 24. A chimney 200 feet high and 10 feet in diameter fur- 
nishes draft for a battery of boilers rated at 3500 horsepower. Average 
outside temperature 60 deg. fahr.; temperature of flue gases 500 (leg. 
fahr.; calorific value of the fuel 14,000 B.t.u. per pound. Compare the 
thermal efficiency of the chimney as a mover of air with that of a 
forced-draft apparatus of equivalent capacity. 

From Table 52 we find that a chimney 200 feet high, with tempera- 
tures as stated above, will furnish a theoretical draft of 1.27 inches, 
equivalent to a pressure of 6.6 pounds per square foot. Ncglccding 
friction, the height H of a column of external air which would produce 
this pressure is 




( 113 ) 
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in which 

h — height of the chimney in feet, 
d = density of the hot gases in the stack, 

di = density of the outside air. 

Substitute in equation ( 113 ) 

di = 0.0763, d = 0.0435, and h = 200. 

= 

= 85.9 feet. 

The theoretical velocity of the air entering the base of the chimney 
under this head is 

V = v 2 gH 

= V2 X 32.2 X 85.9 
= 74.5 feet per second. 

The weight of the gas escaping per second 

= 74.5 X area of the stack X 0.0763 
= 446 pounds. 

The displacement of this volume of gas is the result of heating it 
from 60 to 500 deg. fahr. Taking the specific heat of the gas as 0.24, 
the heat necessary to displace 446 pounds per second is 

Heat required = 446 X 0.24 X (500 — 60) 

= 47,000 B.t.u. per second. 

The work actually performed is that of overcoming a total resistance 
of 6.6 X 78.5 = 518 pounds (78.5 = internal area of the chimney) 
through a space of 74.5 feet; i.e., 

Work done = 74.5 X 518 = 38,591 foot-pounds per second 
= 49.7 B.t.u. per second. 

49 7 

Efficiency = 47 "^ “ 0.00107, or about tV of 1 por cent. 

If a fan be substituted for the chimney and we allow say 8 per cent 
for the efficiency of engine and boiler, 40 per cent for the fan, and 25 
per cent for friction, the combined efficiency will be 

0.08 X 0.40 X 0.75 = 0.024, or 2.4 per cent. 


0.0763 - 0.0435 
0.0763 


The fan then will be 


0.024 

0.00107 


chimney as a mover of air. 


= 22.4 times more efficient than the 


150. Cost of Chimneys. — Christie ('^Chimney Design and Theory^') 
gives the following costs of chinoneys 150 feet high and 8 feet internal 
diameter: 


Common red brick 

Radial brick 

Steel, self-supporting, full lined 
Steel, self-supporting, half lined 
Steel, self-supporting, unlined. . 
Steel, guyed 


. .approximate cost $8,500.00 

do. 

do. 

6,800,00 

do. 

do. 

8,300.00 

do. 

do. 

8,800.00 

do. 

do. 

5,820.00 

do. 

do. 

4,000.00 
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The following approximate costs of various sizes of a well-known 
radial brick chimney give an idea of the variation in cost due to in- 
crease in diameter and height: 


TABLE 62. 


Size of Chimney. 


Size of Chimney. 

Cost. 

Height. 

Diameter. 


Height. 

Diameter. 

Feet. 

75 

Feet 

4 

$1,350 00 

Feet 

175 

Feet 

8 

$7,050 00 

75 

6 

1,950 00 

175 

10 

7,925 00 

75 

8 

2,650 00 

175 

12 

8,950 00 

75 

10 

3,725 00 

175 

14 

9,725 00 

125 

6 

3,500 00 

200 

8 

9,250.00 

125 

8 

4,250 00 

200 

10 

10,500 00 

125 

10 

4,675 00 

200 

12 

11,100 00 

125 

12 

5,125.00 

200 

14 

12,500.00 

150 

8 

6,150 00 

250 

10 

16,500.00 

150 

10 

7,125 00 

250 

12 

18,250.00 

150 

12 

7,750 00 

250 

14 

21,500 00 
24,250.00 

150 

14 

8,275.00 

250 

16 


PROBLEMS. 

1. Determine the maximum theoretical draft obtainable from a chimney 200 ft. 
high; altitude 2250 ft. (barometer 27.5 in.); temperature outside air 80 deg. fahr.; 
temperature of the flue gas 500 deg. fahr. 

2. Calculate the height of stack suitable for burning 20 lb. of anthracite buck- 
wheat per sq. ft. of grate surface per hr. for a hand-fired return tubular boiler, stand- 
ard setting, when the temperature of the outside air is 70 deg. fahr. and that of the 
flue gas is 450 deg. fahr. Assume a pressure loss in the boiler of 0.45 in. 

3. Determine the height and diameter of stack for a battery of Wickes vertical 
water-tube boilers rated at 4000 horsepower, equipped with chain grates and burning 
ilhnois screenings; boiler rated at 10 sq. ft. of heating surface j:)cr hp.; ratio of heat- 
ing surface to grate surface 65 to 1; flue 50 ft. long; stack to be able to carry 100 
per cent overload; atmosphere temperature 60 deg. fahr,, average barometric pres- 
sure 29 in.; temperature of flue gas at overload 650 deg. fahr.; calorific*, value of 
the coal 11,000 B.t.u. per lb. Assume pressure drop through boiler from the curves 
in Fig. 150. 

4. Determine the thickness of plates at various sections for a self-supporting 
steel stack of the height and diameter as calculated in Problem 3. 

5. Determine the size of foundation for the chimney in Probh^m 4* 

6. Design a brick chimney suitable for the data in Problem 3. 

Analyze the various sections for strength and stability. 




CHAPTER VIII 


MECHANICAL DRAFT 

151. General. — The intensity of natural draft in a chimney depends 
mainly upon the height of the stack and the temperature of the chimney 
gases, and the chimney should be designed to meet the maximum 
requirements, permitting the damper to be partly shut at times. There 
is usually no practicable means of increasing natural draft per se after 
the maximum has been reached. Again, chimney draft is peculiarly 
susceptible to atmospheric influence and may be seriously impaired 
by adverse winds and air currents. Notwithstanding these apparent 
limitations, by far the greater number of steam power plants depend 
upon chimneys for draft because of the disposition of the waste gases. 
In many cases artificial draft has a great advantage and under certain 
conditions is indispensable; it is very flexible and readily adjusted to 
effect various rates of combustion, irrespective of chmatic influences/ 
and permits any degree of overload without undue expenditure of 
energy. 

Artificial draft may be broadly classified under three heads: 

1. The vacuum or induced draft. 

2. The plenum or forced draft, and 

3. The ^ balanced draft method. 

In the induced draft system a partial vacuum is produced above 
the fire by suitable apparatus, and the effect is substantially that of 
natural draft. 

In the forced-draft system pressure is produced in the ash pit, the 
air being forced through the fuel bed. 

The so-called ^Talanced draft system is a combination of forced 
draft and induced or chimney draft. The pressure created by forced 
draft is made sufl&cient to overcome the resistance of the fuel bed while 
the chimney or induced draft is depended upon for creating a suction 
throughout the furnace and setting. The adjustment is such that 
practically atmospheric or a slight suction pressure exists in the com- 
bustion chamber. 

In all these systems the artificial draft is usually produced by either: 

1. Steam jets, or 

3. Centrifugal fans or exhausters. 
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152. Steam Jets. — Fig. 164 shows an application of a ring jet to 
the base of a stack. The apparatus is very simple, inexpensive in 
first cost, and easily applied. It consists essentially of a ring or a 
series of concentric rings of 1-inch pipe, perforated on the upper side 



Fig. 164. Ring Steam Jet. 



with or l-inch holes, and placed in the base of the stack, so that 
the jets are. discharged upward, thus creating a draft independent of 
the temperature of the flue gases. The steam connection to the jet is 



generally made direct to the boiler and not to the steam main, though 
the jet is often produced by exhaust steam. 

Fig. 165 illustrates a Bloomsburg jet, which' involves to some extent 
the principle of the ejector. 
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The increase in draft produced by these devices as ordinarily in- 
stalled is not great, although in locomotive practice where the entire 
exhaust is discharged up the stack an intense draft is obtained. 

Fig. 166 shows the application of a ''McClaves argand blow^er/^ 
The steam is discharged below the grate through a perforated hollow 
ring, as indicated, drawing the air through the fminel by inspiration. 
This creates a pow^erful draft by forming an air pressure in the ash 
pit, and is an especially useful system of forcing fires for boilers which 
need forcing for short periods only. 

Steam jets, as ordinarily installed, are very uneconomical, since a 
large amount of steam is required to produce good results. Table 63, 
based on experiments at the New York Navy Yard, to determine the 

TABLE 63. 

RESULTS OF EXPERIMENTS UPON STEAM JETS AT NEW YORK NAVY YARD.« 


Pounds of Water Evaporated per Hour. 


Index of Jet. 

A 

B 

C 

D 

E 

In boiler making steam 

463.8 


361.25 

528.5 

545.00 

In boiler supplying jets 

Per cent of steam used 

97.5 

120 

30 

63.2 

76,25 

by jet 

21.2 


8.3 

12.0 

19.0 


* Annual Report of the Chief of the Bureau of Steam Engineering, IT, S Navy, 1890, 


TABLE 64. 

CONSUMPTION OF STEAM BLASTS COMPARED.f 


Coal. 

Name of Blower. 

Cent of Air 
Openings in 
Grate. 

Pounds of Dry 
Coal burned per 
Hour per Square 
Foot of Grate. 

Per Cent of Total 
Steam Generated 
in the Boilers 
that is required 
to operate the 
Steam Blasts. 


Young 

11 

25.8 

11.1 

^ 

bo 

do 

11 

17.9 

7.0 

Do 

Wilkinson 

7 

27.0 

10.8 

Buckwheat 

Young... 

11 

27.3 

10.8 

Do 

,do 

11 

16.7 

4.6 

Do 

, , . .do 

26 

31.4 

8.9 

Do 

McClave 

11 

16.4 

6.7 

Do . , , 

. . . .do 

11 

26.1 

9.3 

Do 

Wilkinson 

7 

32.5 

7.8 

Do 

do 

7 

45.4 

10.2 


t Trans. A.S.M.E.. Vol. XVII. — See Whitham. 
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best form of steam jet for producing draft in launch boilers, shows 
steam consumptions of from 8.3 to 21.2 per cent of the total steam 
made. Table 64 gives the steam consumption of a number of types 
of steam jet blowers as determined by A. J. Whitman. The best 
performance is 4.6 per cent and the poorest 11.1 per cent of the total 
boiler steam generated. Steam jets below the grate are said to prevent 
clinkers from forming where fine anthracite coals are used, and thus 
to assist in keeping the fire free and open. They also assist in the 
economical combustion of certain low-grade fuels. See paragraph 93 
for the influence of steam jets in effecting smokeless combustion. 



Fig. 167 , The Relation between Draft and Rate of Combustion. ConH()M(lat-(^cl 

Locomotive. 

The curves in Fig. 167 are of interest in showing the intensity of 
draft created by steam jets in the modern locomotive and the iuflueiu^e 
of the draft on the rate of combustion. These curves are taken from 
Bulletin 2, Univ. Ill, Sept. 13, 1915, p. 16. 

In large modern central stations where boiler overloads of from 150 
to 250 per cent above rating are desirable, steam jets and mechanical 
blowing and stoking appliances use but a nominal percentage of the 
steam generated. The results in Table 65, taken from, the tests of the 
large Stirling boilers at the Delray Station of the Detroit Edison Com- 
pany, show what may be expected from installations of this class 
(Jour. A.S.M.E., Nov., 1911). 

153. Fan ©raft. — Fig. 168 shows a typical installation of a centrif- 
ugal fan on the forced-draft or 'plenum principle, the fan creating a 
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TABLE 65. 

STEAM CONSUMPTION OF DRAFT APPLLINCES AND STOKER ENGINES, 2365 H.P. 

STIRLING BOILER. 

(Delray Station, Detroit Edison Co.) 


RONEY STOKER. 


No. of 
Test. 

Per Cent 
of Rating, j 

Dry Coal 
per Sq. Ft. 
G. S. per 
Hr. 

Steam Consumption, Per Cent 
of Total Generated. 

Draft, Inches of Water. 

Stoker 

Engines. 

Steam 

Jets. 

Total. 

Below 

Dampers. 

In 

Furnace. 

Ash 

Pit. 

5 

94 

14 81 

0.19 

1.56 

1.75 

0.16 

0.24 

0.10 

4 

152 

25.97 

0.15 

1.43 

1.58 

0.55 

0.22 

0.02 

18 

195.7 

33.60 

0.13 

1.19 

1.32 

1.11 

0.33 

0.05 


TABLE 65 — Concluded. 


TAYLOR STOKER. 


No. of 
Test. 

Per Cent 
of Rating. 

Dry Coal per 
Sq. Ft. G. S. 
per Hr. 

Steam 

Consumption 
of Stoker 
Engines and 
Turbine 
Blower. 

Draft, Inch^ of Water. 

At Blast in 
Tuyeres. 

Suction Below 
Boiler 
Dampers. 

Suction in 
Ash. Pit. 

10 

92.9 

16.43 

2.63 

0.67 

0.20 

0.15 

9 

162.8 

29.23 

2.87 

1.73 

0.53 

0.06 

11 

211.0 

38.75 

3.41 

2.53 

0 84 

0.02 


All of the steam exhausted from the Taylor equipment may be returned to the feed-water heater, 
whereas only that exhausted from the engines in the Roney equipment may be used in this manner, hence 
the net heat used is approximately the same in both cases. 

For application of steam jets to mechanical stokers see Chapter IV. 


pressure in the ash pit and forcing air through the fuel. The most 
approved method is to pass the air through the bridge wall, thence 
toward the front of the grate, though it may enter through an under- 
ground duct or through the side of the setting. Forced draft is usually 
adopted in old plants where increased demands for power require that 
the boilers be forced far above their rating to save the heavy expense 
of new boilers, or in plants burning refuse, anthracite culm or screen- 
ings, which require an intense draft for efficient combustion. Forced 
draft is also well adapted for underfeed stokers of the retort type, 
hollow blast grates, and the closed fire-hole system. The air supply 
may be taken from an air chamber built around the breeching, thereby 
supplying the heated air to the fan and effecting a lower temperature 
in the breeching and a higher temperature in the furnace. The ob- 
jection is sometimes raised against forced draft that the gases tend to 
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pass outward through the fire door when the fire is cleaned or replen- 
ished, since the pressure in the furnace is greater than atmospheric*. 
This objection may usually be overcome by suitable dampers in the 
blast pipe which are closed on opening the fire doors or by having 
sufl&cient stack action to create a partial vacuum in the combustion 
chamber. With a boiler plant of 1000 horsepower or more the cost 
of a forced-draft fan, engine, and stack will approximate from 20 to 
30 per cent of the outlay for an equivalent brick chimney. The power 
consumption will depend upon the character and efficiency of the motor 
or engine and will range from 1 to 5 per cent of the total capacity. 



Fig. 168. Typical Forced-draft System. 


Induced draft as illustrated in Fig. 168 is perhaps the most com- 
mon substitute for natural draft and is extensively used in street/ rail- 
way and lighting plants which have high peak loads, being ordinarily 
installed in connection with fuel economixicrs. The suction sidc^. of the 
fan is connected with the uptake or breeching of the boiler or batteries 
of boilers and the products of combustion are usually exhausted through 
a stub stack. The illustration shows a typical installation in which 
two fans of the duplex type are placed above the boiler setting. The 
fan ducts are generally designed with a by-pass direct to t/he stack to 
be used in case of accident or when mechanical draft is not required. 

Since the fan handles hot gases it must, under the ordinary con- 
ditions of practice, have a. capacity approximately double that of a 
forced-draft fan delivering cold air, but the gases being of lower density 
the power required per cubic foot moved is less. 

With forced draft from 200 to 300 cubic feet of air arc required per 
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pound of coal; mth induced draft the fan must handle twice this volume 
if the gases are exhausted at 500 deg. fahr. or 300 to 450 cubic feet if 
exhausted at 300 deg. fahr., a temperature to be expected in connection 
with economizers. 

The advantages of induced draft over forced draft are very pro- 
nounced. The pressure in the furnace is less than atmospheric, there- 
fore it is not necessary to shut off the draft in cleaning fires of ash pit, 
and the fire bums more evenly over the entire grate area, since the 



draft pressures are ordinarily less than with forced draft. An induced- 
draft plant costs considerably more than forced draft on account of 
the larger fan required, but the operating expenses are but little greater. 
With a boiler plant of 1000 horsepower or more the cost of a single 
induced-draft fan, engine, stack, etc., will approximate from 40 to 50 per 
cent of the outlay required for a brick chimney of equivalent capacity, 
and the double-fan outfit will approximate from 50 to 60 per cent. 
The double-fan system is particularly adapted to plants which operate 
continuously and where even a temporary break-down is a serious in- 
convenience. 
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Turbo-undergrate draft blowers, installed in each setting, are finding 
favor with many engineers because of the low cost of installation. 

They consist essentially of small impulse steam turbines direct con- 
nected to specially designed propeller fans set in the side walls of the 
setting by means of wall thimbles. The fan discharges below the 
grate, and may be automatically controlled by damper regulation. 
The turbine exhaust may be discharged into the ash pit to prevent 
clinkers, or it may be used in the feed-water or other heating devices. 
They are more economical in heat consumption than the ordinary jet 
device. 

In Europe induced draft created by a fan discharging into the base 
of an evase stack is finding favor with many engineers. A few instal- 
lations have been made in this country by the 
Schutte and Koerting Company, but data rela- 
tive to their performance are not available. In 
this system a short stack (seldom exceeding 70 ft. 
in height) and resembling a Venturi tube is fitted 
with a small pressure blower near the base. The 
stack action is based on the injector principle and 
is sufficient to operate the boiler at low rating 
without the use of the fan. For higher ratings 
air is discharged into the stack just below the 
Venturi throat and the suction in the breeching 
is greatly increased. These stacks are usually 
Supply applied to single boilers or batteries. The general 
dimensions of an evas6 stack as installed in the 
uower power plant of the Ingersoll Rand Company, 
Phillipsburg, Pa., is shown in Fig. 170. The fan 
Pig. 170. Evas^ Stack requires about 5 per cent of tine rated boiler horse- 
Capable of Furnish- operation and the static pressure of the 

Combustion of 6000 slower is approximately eight times the draft re- 
lb. of Coal per hour quirements in the breeching. 

■with Maximmn Suc- 
tion at Breeching of Meclmnical Draft and the Evae6 Stack: Eng. Mag., July, 

1.5 Inches of Water. p. 525. 

Tall chimneys are a necessity in most cities since legislation requires 
the gases to be discharged at a height above that of adjacent buildings. 
In such situations, with stokers of the forced-draft typo, tall stacks or 
induced draft would at first thought appear to be a necossary evil. 
Experience, however, shows that suction draft is an important factor in 
effecting efficient combustion and in prolonging the life of the furnace 
brickwork. By mutually adjusting the preasuro created by the forced- 
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draft apparatus and the suction of the chimney or its equivalent; a 
so-called '^balanced-draft'^ effect can be produced in the combustion 
chamber; that is, the pressure in the combustion chamber becomes 
practically atmospheric. The relative pressure drops are shown graph- 
ically in Fig. 171. This condition of positive pressure under the fire 
bed, zero or slightly suction pressure in the combustion chamber and 
a suction pressure throughout the rest of the setting (1) prevents dis- 
charge of the furnace gases into boiler room through leaky fire doors, 
inspection doors and cracked settings; (2) minimizes stratification and 
short circuiting of the air supply and combustible gases; (3) reduces 
the soaking up’’ action of heat by the furnace brickwork; (4) assists 
reduction of air excess and (5) effects increase in overall boiler, furnace 


n 



Fig. 171. Pressure Drops through Boiler — Combined Forced Drafu z:vl Chimney. 

and grate efficiency. Many of our modern central stations are oper- 
ating with practically balanced-draft conditions as will be seen from the 
data in Table 66. In these plants the stoker speed, fan speed and stack 
damper are automatically controlled so as to effect the desired result. 

In the Essex Power Station of the Public Service Electric Company, 
New Jersey, which is representative of the very latest practice (1917) 
the chimneys are 250 feet high and are served with both forced- and in- 
duced-draft fans. The induced-draft fan gives a maximum suction in 
the uptake of two inches of water pressure and the forced-draft equip- 
ment is capable of maintaining a pressure of six inches water under 
the grates. After the gases have passed from the boiler this may be 
discharged directly into the stack or by closing proper dampers in the 
breeching can be made to pass through the economizer and then to the 
stack; by closing a second damper the gases will pass through the 
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induced-draft fans before going to the stack. This makes it possible 
to operate the boilers under the most economical conditions at all times. 



Fig. 172. McLean ^'Balanced-draft” System. 


The term balanced draft as applied to furnace work originated 
with Embury McLean and refers strictly to his system of control, see 
Fig. 172, but the term is now applied to any system in which chimney 
and fan draft are controlled so that the pressure in the combustion 
chamber is approximately atmospheric. 



Fig. 173. Mechanical Draft as Applied to Waste-IIoat Boiler for Opc^ii-ILiarth 

Furnace. 
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TABLE 66. 

DBAFT PRESSURES IN MODERN CENTR.\L STATION AT OI-ERLOADS. 
(Underfeed Stokers.) 


Plant. 

Type of 
Boiler. 

T 3 ,T)e of 
Stoker. 

Boiler 
Rating, 
Per Cent 1 
of Rated | 
Capacit 3 ’-. | 

i 

Height of 
Stack 
Above 
Breech- 
ing. 

Flue 

Tempera- 

Static Draft, Inches of 
Water 

ture.Deg. 

Fahr. 

Ash 

Pit. 

Com- 

bustion 

Cham- 

ber. 

Stack 
Side of 
Dam- 
per. 

Delray No. 1 

Stirling 

Taylor 

*175 

242 

550 

+3 5 

-0 03 

-1 2 

Delray No. 2 ... 

Stirling 

Taylor 

*175 

196 

600 

+3 5 

-0 03 

-1.2 

Delray No. 2 ... 

Stirling 

Taylor 

220 

196 

620 

+4 2 

-0 07 

-1.3 

Connors Creek .... 

Stirling 

Taylor 

*175 

240 

580 

+3 8 

-0 10 

-0 8 

Boston Elevated 

i B. & W. 

Taylor 

240 

165 

515 

-h4 0 

-0 03 

-0 76 

59th. St. Interborough . . 

B. & W. 

Taylor 

200 

200 

523 

-1-3 3 

-0 14 

-0 52 

74tli St. Interborough . . 

1 B. & W. 

Riley 

335 

242 

631 

4-5 8 

-0 02 

-0 74 

74th St, Interborough 

B. & W. 

Westing- 

house 

292 

242 

609 

4-3 8 

-0 15 

j 

i 

-0 65 


* Normal operating maximum. 


Draft and Stoker Control at Waterside: Power, Nov. 7, 1914, p. 698. 

Boiler Control Boards at Delray: Power, Sept. 28, 1915, p. 435. 

The Essex Power Station: Power, Nov. 28, 1916, p. 739. 

Performance of Boilers with Balanced Draft: Elec. Wld., Sept. 9, 1916, p. 522; Aug. 
12, 1916, p. 321. 

154. Types of Fans. — Centrifugal fans for mechanical draft may 
be divided into two general classes; those having rotors with a few 
straight or slightly curved blades of considerable length radially, Fig. 
174, commonly designated as steel-plate fans^ and those having rotors 



Pig. 174. Standard Steel- Fig. 175. Sirocco ” Wheel Fig. 176. Single Co- 
plate Fan Wheel. — Turbine Type Impeller. noidal Fan Wheel. 


with a number of short curved blades, Figs. 175 and 176, generally 
known as multi-vane fans. Both of these types are found in the modern 
power plant though the multi-vane construction is the more common. 
Tall, narrow steel-plate fans are frequently used for induced-draft 
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work partly because the narrow wheel permits of shorter overhang on 
the fan bearing and partly because they may be operated at low speed 
and are suitable for direct connection to steam engines. Multi-vane 
fans require less space than steel-plate fans of equal capacity and effi- 
ciency and on account of higher speed requirements are more suitable 
for direct connection to electric motors or steam turbines. Each type 
has different characteristics, the nature of which controls the selection 
for a ^ven set of operating conditions. The housings may be ar- 
ranged for top or bottom horizontal discharge, up or down blast, or 
special, depending upon the arrangement of the draft system. 

155. Performance of Fans. — On account of the great number of 
variables involved in the construction and operation of fans simple 
equations or formulas for proportioning the various elements are prac- 
tically impossible. The design of a new fan is largely a matter of trial 
and error based on experiments. For this reason no attempt will be 
made to analyze the problem of design and only such elementary theory 
will be discussed as is necessary for a clear understanding of the prin- 
ciples of operation. 

Pressure. If the delivery pipe of a fan is sealed against discharge 
there is but one pressure in the conduit, namely, static pressure. Re- 
ferring to Fig. 177 , A and B represent Pitot tubes inserted in the dis- 
charge or suction pipe of a centrifugal fan, A being bent to face the 



current while B is flush with the inside wall of the casing at right angles 
to it. A receives the full impulse of the stream, and the manometer in- 
dicates the total or dynamic pressure, while B registers the stable pressure 
only. With the pipe scaled against discharge, resistance k> flow is a 
maximum, there is no flow and the water depre-ssion in botli manotnetors 
will be the same, that is, there is only static pressure in the conduit. 

If the discharge orifice is opened to its maximum and theni are no 
frictional resistances the static pressure indicaied by manometer B. 
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Fig. 178j becomes zero while that in A stands at a height equivalent 
to the full impulse of the stream, that is, there is only velocity pressure 
in the conduit. 



If the orifice is partly closed, as in Fig. 179, there will be a water 
depression in both manometers A and B, that is, there is both velocity 
and static pressure in the conduit. The difference between the de- 
pression in A and B is the pressure due to velocity. By connecting 
the two manometers as indicated in Fig. 179 (C), the velocity pressure 
is given directly. 



Pressure resulting from the impulse of a current of air flowing at a 
velocity corresponding to that of the tip of the blades is commonly 
designated as the 'peripheral velocity pressure. 

The ratios between the various pressures are of great importance in 
fan engineering and manufacturers publish characteristic curves showing 
this relationship for various conditions of operation. These charac- 
teristics vary with the type of fan and the design of the blades and hous- 
ing. A few examples are shown in Figs. 180-183. 

The ratio of opening,'' Fig. 180, refers to the actual percentage of 
opening compared with the maximum. The ratio of effect" is the 
relative effect produced by restricting the discharge. 
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Suppose a steel-plate fan with an unrestricted inlet and outlet delivers 
25,000 cu. ft. of air per minute against a dynamic head of 2.14 in. with 
a peripheral velocity requiring 4.5 horsepower. It appears from the 
curves in Fig. 180 that if the discharge outlet is restricted to 50 per cent 
of the full area, only 12,500 cu. ft. will be dehvered. The dynamic 
pressure will be increased to 4.28 in., and the power required drops to 
2.7 horsepower. If the outlet be still further reduced to 20 per cent of 
the full opening the capacity will drop to 5000 cu. ft., the pressure 



Fio. 180. Characteristic Curves of 22-iii. Buffalo Stool-plate Blower (at 
1400 R.P.M.). 

will increase to 4.41 inches, and the power will bo dticroasod to 1.35 
horsepower. With a discharge area of 50 per cunt, the ino(!hani(“,iil 
efficiency is a maximum, and equal to about 43 per cent. Witli orifice 
closed the horsepower required to drive the fan is about 24 per cent of 
that required when discharging the maximum volume of air. 

Vdocity: In a centrifugal fan operating under constant orifice con- 
ditions and at known air density, the theoretical velocity aiul pressure 
developed bear a definite relation to the peripheral velocity of the 
fan. For ordinary fan work where air is at a low pressure the 
relationship between pressure and velocity is substantially 

7 = 


(114) 
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in which 

V = velocity, ft. per sec,, 

g = acceleration of gra\dty; 32.2 (approximate!}^) , 
h = head of air causing flow, ft. 

Equation (114) may be reduced to the convenient form 

V = 1096.5 Vp~T~5, (115) 

in which 

V ~ velocity, ft. per min., 

p = pressure drop producing velocity, in. of water, 
d = density of the air, lb. per cu. ft. 

For standard conditions, dry air at 70 deg. fahr. and 29.92 barometer: 

V = 4005 Vp. (116) 

Where quietness of operation is necessary the velocity should be 
limited to 2000 ft. per min. but where this is not essential duct velocities 
as high as 4000 ft. per min. may be used. Since the friction losses of 
a piping system vary with the square of the velocity the usual com- 
promise must be made between size and velocity, otherwise the pressure 
losses become excessive. 

Capacity, For a given fan size, piping system and air density the 
capacity, Q, varies directly as the velocity and hence as the speed of the 
fan, thus, 

Q = vA, (117) 

in which 

Q = volume, cu. ft. per min., 

V = velocity, ft. per min., 

A = area of the conduit. 

Since the velocity varies as the square root of the pressure drop 

Q = KAVp, ( 118 ) 

in which 

K = coefficient determined by experiment; other notations as in 
equation (115). 

Horsepower. The horsepower required to operate a fan varies di- 
rectly with the capacity and the total or dynamic pressure, thus: 

in which 

E = total efficiency of the blower, 

Pd == dynamic pressure, in. of water. 
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Combining equations (118j and (119) and reducing, remembering 
that for constant orifice conditions and at known air density the veloc- 
ity pressure bears a definite relation to the peripheral velocity, we have 

Hp. = Bpl (120) 

in which 

B = coeflhcient involving all constants and reduction factors. 
Equation (120) show^s that the horsepower varies as the cube of the 
square root of the pressure. 



Fig. 183. Typical Characteristic Curves of Buffalo ‘Tlaaoidal” Steel-plate 

Exhausters. 

Since the capacity is directly proportionate to the peripheral velocity 
or fan speed, and the pressure developed varies directly as the square 
of the speed it follows that the horsepower varies as the cube of the 
speed, thus: 

Hp. = MN\ (121) 

in which 

M = coefficient involving all constant and reduction factors, 

N = speed of the fan, r.p.m. 

The marked increase in power required for even a moderate increase 
in speed should be borne in mind in selecting a fan. It is, as a rule, 
more economical to err in selecting too large a fan than one which 
must be forced above its rated speed. 
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The capacity varies directly with the speed; therefore the horsepower 
also varies with the cube of the capacity. 

Manometric Efficiency. This efficieucy is the ratio of the djuiamic 
head as actually observed to the maximuiii theoretical dynamic head, or 

( 122 ) 


in which h is determined from the actual manometer reading and H 
is the theoretical maximum head. 

Volumetric Efficiency. This is the ratio between the actual volume 
of air passing in a given time divided by the impeller displacement 
for the same period, or 

4Q 


Evol. — 


DWB' 


(123) 


in which 


Q = volume discharge, cubic feet per minute, 
D = diameter of the impeller, feet, 

B = width of the impeller, feet, 

N = r.p.m. 


Mechanical efficiency, or simply fan efficiency is the ratio of the 
total work done by the fan in moving the air to the horsepower input 
to the fan, or 

"" Hi X^33,6w’ 

in which 

Q = weight discharged, pounds per minute, 
h = dynamic head, feet of air. 

Hi = horsepower input. 


Two efficiencies are sometimes given, (1) that based on the dynamic 
head as in equation (124) and that based on the static head. See 
Fig. 181. 

An analysis of the performance of fans under various operating 
conditions is beyond the scope of this test and the reader is referred 
to the accompanying bibliography for an extended study. 


Measurement of Air in Fan Work: C. H. Treafc, Jour. A.S.M.E., Bept., 1912, 
p. 1341. Borne Experiences with the Pitot Tube on High and Low Air Velocities: 
F. H. Kneeland, Jour. A.S.M.E., ISTov., 1911, p. 1407. Experiments with Ventilating 
Fans and Pipes: Capt. D. W. Taylor, Soc. Naval Arch, and Marine Engrs., 1905, 
p. 35, The Measurements of Gases: Carl C. Thomas, Jour. Frank. Inst., Nov., 
1911, p. 411. Experiments with the Pitot Tube in Measuring the Velodties of Gases: 
R. Burnham, Eng. News, Dec. 21, 1905, p. 660. Pressure Fans m. Exhaust Fan: 
Bulletin Am. Inst. Min. Engrs., Peb., 1909. A.S.M.E. 1915 Code for Testing Fans: 
Trans. A.S.M.E., VoL 37, 1915, p. 1342. 
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156. Selection of Fan. — In general, the multi-vane is more effi- 
cient than the steel-plate fan as ordinarily constructed, and requires 
less space than the latter for equal capacity and efficiency. Another 
important advantage lies in the fact that the higher speed of the multi- 
vane fan permits of direct connection to high-speed prime movers. 
The steel-plate blower, however, is not necessarily a low efficiency 
device since by special design it be made to give higher efficiencies 
than obtained from the curved short blade construction. Where first 
cost is a consideration and where space limitation is of little conse- 
quence the steel-plate fan may be used to advantage. In small plants 
the power requirements for the mechanical draft system are low and 
the type of fan has but little effect on the overall cost of operation, 
but in large central stations the power requirements are considerable 
and the type and attending pressure characteristics greatly influence 
the ultimate economy. 

Having selected the type of fan the first step is to determine the 
size best suited to the required conditions. The influencing factors 
are primarily the volume of air or gas to be delivered and the static 
pressure necessary to overcome the frictional resistances of the system. 
The air requirements and the pressure drop through the boiler equip- 
ment may be calculated as shown in paragraphs 23 and 127. The 
frictional resistance of the air ducts and dampers must be included in 
determining the maximum static pressure. 

The next step is to select from capacity tables (furnished by fan 
builders) the nearest commercial size which will meet the volume and 
static pressure requirements. If the conditions are different from 
those published in the tables the performance under specified condi- 
tions may be approximated by calculation or taken directly from 
^^characteristic curves of the particular type under consideration. 

Two sets of capacity tables are found in practice, the rated 
capacity^’ (such as are reproduced in Tables 67 and 69) and the 
“variable capacity’’ (one element of which is given in Table 70). 
The former gives the capacity, speed, and horsepower of the different 
fans for various static or total pressures, when operating at what is 
approximately the highest efficiency. These rated capacity tables are 
self-explanatory and require no particular discussion. The variable 
capacity tables give the performance of each size of fan on either side 
of the condition for maximum efficiency and offer practically the same 
information as the characteristic curves. By means of these tables 
the performance of the fan may be readily obtained for practically 
all conditions of operation. 
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TABLE 67 . 

CAPACITIES OF FORCED-DRAFT FANS. 
(Steel Plate Fans.) 


For Forced Draft, Temperature of Air 60°. 


Cubic Feet 


Pressure in Inches of Water. 


Diam- 
eter of 
Fan. 

i 

of Air De- 
livered to 
Furnace 
per 

Minute. 

0 

.5 

0 . 

75 

1-00 

1 . 

25 

1 . 

50 

2. 

00 

2. 

.50 

R.P.M. 

fU 

W 

R.P.M. 

W 


p4 

tn 

p4 

H.P. 

R.P.M. 

H.P. 

R.P.M. 

H.P. 

R.P.M. 

- w 

2 ' 

6 ^ 

4,200 ; 

510 

1.6 

560 

1 . 8 , 

600 

1.9 

640 

2.1 

710 

2.3 

780 

2 . 5j 

850 

2.7 

3 ' 


5,800 

430 

2.2 

460 , 

2.4 

490 

2.6 

530 

2.8 

590 

3.1 

640 

3.4 

710 

3.8 

3' 


7,800 

360 

3.0 

400 

3.3 

420 

3.5 

450 

3.8 

500 

4.2 

550 

4.6 

610 

5.1 

4 ' 


10,000 

320 

3,9 

350 

4.2 

370 

4.4 

400 

4.9 

440 

5.4 

4S0 ! 

5.9 

530 

6.5 

4 ' 


12,400 

290 

! 4.8 

310 

5.2 

330 

5.6 

360 

6.0 

400 

6.7 

430 

7.3 

470 

8.0 

5 ' 


15,200 

250 

5.9 

270 

6.4 

1 290 

6.8 

310 

7.4 

350 

8.2 

380 

8.9 

420 

9.8 

5 ' 

6" 

18,200 

230 

7.0 

250 

7.7 

270 

8.2 

300 

8.8 

330 

9.8 

360 

10.6 

390 

11.8 

6' 


21,400 

210 

8.3 

230 

9.1 

250 

9.6 

260 

10.4 

290 

11.5 

320 

12.5 

350 

13.9 

r 


28,800 

180 

11.2 

200 

12.2 

210 

13.0 

230 

14.0 

250 

15.5 

280 

16.8 

300 

18.7 

8 ' 


37,200 

160 

14.4 

170 

15.7 

190 

16.7 

200 

18.1 

220 

20.1 

240 

21.8 

270 

22.5 

9 ' 


46,800 

140 

18.1 

160 

19.8 

170 

21.1 

180 

22.7 

200 

25.3 

220 

27.4 

240 

30.3 

10 ' 


57,400 

130 

22.2 

140 

24.3 

150 

25.8 

160 

27.9 

180 

3.1 

200 

33.6 

210 

37.2 


Discharge velocity 2000 feet per minute. 


TABLE 68 . 

CAPACITIES OF INDUCED-DRAFT FANS. 
(Steel Plate Fans.) 


For Induced Draft, Temp, of Flue Gases 500°. 


Diam- 
eter of 
Fan. 

Cubic Feel 
of Air at 
60°Temp. 

Drawn 
into Fur- 
nace per 
Minute. 

Pressure in Inches of Water. 

0 

.5 

0. 

75 

1. 

00 

1. 

25 

1, 

50 

2. 

00 

2. 

50 

aI 

Ah' 

w 

R.P.M. 

Ah’ 

w 

Ah 

Ah 

W 

A^ 

f4 

Ah* 

w 

1^* 

Ah 

a5 

W 

R.P.M. 

Ah* 

w 

Ah* 

Ah 

W 

2' 

6^ 


688 

IHi 

756 

2.4 

810 

2.6 

864 

2.8 

958 


H 

3.4 

M 

H 

3' 


4,200 

580 

3.0 

621 

3.2 

661 

3,6 

715 

3.8 

796 

MSS 



Ipm:1 

5.1 

3' 

6^ 

5,700 

486 

4.0 

540 

4.5 

567 

4,7 

607 

5.1 

675 

5.7 

742 

kk 


6.9 

4' 


7,300 

432 

5.3 

472 

5.7 

600 

6.1 


6.6 

594 

7.3 

648 

8.0 

715 

8.8 

4' 


9,300 

390 

6.5 

418 

7.0 

445i 

7.5 

gfaii 

8.1 

640 

9.0 

680 

mm 


iliiii 

5' 


11,100 

337 

8.0 

364 

8.6 

391 

9.2 

418 


472 

11.1 

513 

PR 

567 

13.2 

5' 

6^ 

13,300 

310 

9.5 

337 

10.4 

364 

11.1 

mm 

Hm 

445 

13.2 

486 

14.3 

526 

15.9 

6' 


15,600 

283 

11.2 

310 

12.3 

337 


351 

14.0 

391 

16.6 

432 

10.9 

472 

18.7 

7' 


21,000 

243 

15.1 

270 

16,5 

283| 

17.5 

310 

18.9 

337 



22.6 

405 

25.2 

8' 


27,100 

216 

19.4 

230 

21.2 

256 

22,5 


24.4 

297 

27.1 

324 

29.4 

364 

30.4 

9' 


34,200 

189 

24.4 

216 

26.7 

mm 

28.5 

243 

30.6 

270 

34.1 

297 

37.0 

324 

40.9 

10' 


41,900 

175 

30.0 

190 

32.8 

202 

34.8 

216 

37.6 

243 

41.8 

270 

45.3 

283 

50.2 
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TABLE 69. 

CAPACITIES OF FORCED-DRAFT FAXS.® 

(Sirocco Tj-pe.) 

(Figures given Represent Dynamic Pressures in Ozs. per Sq. In. For Static Pressure Deduct 28.8 Per Cent, 
For Velocity Pressure Deduct 71.2 Per Cent.) 


Diam. 

Wheel. 


iOz. 

1 1 Oz. 

1 Oz. 

1 Oz. 

1 

i UOz. 

i 

U Oz. 

1| Oz. 

2 0z. 

2|Oz. 

3 0z. 


Cu. Ft. 

155 

220 

270 

310 

350 

380 

410 1 

440 

490 

540 

6 

R.P.M. 

1,145 

1,615 

1,980 

2,290 

2,560 

2 800 ; 

3,025 

3,230 

3,616 

3,960 


B.H.P. 

0 0185 

0 052 

0 095 

0 147 

0 205 

0.270 , 

0 34 

6.42 

0 58 

0.76 


Cu. Ft. 

625 

8S0 

1,080 

1,250 

1,400 

1,530 

1,650 

1,770 

1,970 

2,170 

12 

R.P.M. 

572 

SOS 

990 

1,145 

1,280 

1,400 

1,512 

1,615 

1,808 

1,980 


B.H.P. 

0.074 

0 208 

0 381 

0 588 

0 82 

1 08 

i 36 

1.66 

2 32 

3.05 


Cu. Ft. 

1,410 

1,990 

2,440 

2,820 

3,160 

3,450 

3,720 

3,980 

4,450 

4,880 

18 

R.P.M. 

381 

538 

660 

762 

850 

933 

1,010 

1,076 

1,204 

1,320 


B.H.P. 

0.167 

0.470 

0 862 

1.33 

1 85 

2.43 

3 07 

3.75 

5 25 

6 9 


Cu. Ft. 

2,500 

3,540 

4,340 

5,000 

5,600 

6,120 

6,620 

7,080 

7,900 

8,680 

24 

R.P.M. 

286 

404 

495 

572 

640 

700 

756 

807 

904 

990 


B.H.P. 

0.296 

0 832 

1.53 

2.35 

3 28 

4 32 

5.44 

6.64 

9 3 

12 2 


Cu. Ft. 

3,910 

5,520 

6,770 

7,820 

8,750 

9,600 

10,350 

11,050 

12,350 

13,550 

30 

R.P.M. 

228 

322 

395 

456 

510 

560 

604 

645 

722 

790 


B.H.P. 

0 460 

1.30 

2.40 

3.68 

5 15 

6 75 

8.53 

10.4 

14 5 

19 1 


Cu. Ft. 

5,650 

7,950 

9,750 

11,300 

12,640 

13,800 

14,900 

15,900 

17,800 

19,500 

36 

R.P.M. 

190 

269 

330 

381 

425 

466 

504 

538 

602 

660 


B.H.P. 

0.665 

1.87 

3.44 

5 30 

7 40 

9.72 

12 25 

15 0 

20 9 

27.5 


Cu. Ft. 

10,000 

14,150 

17,350 

20,000 

22,400 

24,500 

26,500 

28,300 

31,600 

34,700 

48 

R.P.M. 

143 

202 

248 

286 

320 

350 

378 

403 

452 

495 


B.H.P. 

1 18 

3.32 

6.10 

9 40 

13.1 

17.2 

21.75 

26.6 

37.1 

48 8 


Cu. Ft. 

15,650 

22,100 

27,100 

31,300 

35,000 

38,400 i 

41,400 

44,200 

49,400 

54,200 

60 

R.P.M:. 

114 

161 

198 

228 

255 

2S0 

302 

322 

361 

396 


B.H.P. 

1 84 

5 20 

9.58 

14.7 

20.6 

27.0 1 

34 1 

41 6 

68.2 

76.5 


Cu. Ft. 

22,600 

31,800 

39,000 

45,200 

50,600 

55,200 

59,600 

63,600 

71,200 

78,000 

72 

R.P.M. 

95 

134 

165 

190 

212 

233 

252 

269 

301 

330 


B.H.P. 

2 66 

7.48 

13 7 

21 2 

29 6 

38.9 

49 0 

59 8 

83.6 

110 


Cu. Ft. 

30,800 

43,400 

53,200 

61,600 

68.700 

75,200 

81,200 

86,800 

97,100 

106,400 

84 

R.P.M. 

81 

115 

142 

163 

182 

1 200 

216 

231 

258 

283 


B.H.P. 

3 61 

10.2 

18.7 

28 9 

40 4 

53.0 

66 8 

81 7 

114 

150 

1 


Cu. Ft. 

35,250 

49,800 

61,000 

70,500 

78,800 

86,400 

93,300 

99.600 

111,200 

122,000 

90 

R.P.M. 

76 

107 

132 

152 

170 

186 

201 

214 

241 

264 


B.H.P. 

4.14 

11.7 

21 5 

33.1 

46 2 

60.7 

76 7 

93.6 

131 

172 


* A number of sizes have been omitted. 


157. CMnmey vs* Mechanical Draft. — The choice of chimney or 
mechanical (iraft depends largely upon local conditions. Where there 
are no limitations to the height of stack mechanical draft offers many 
advantages over chimney draft. With certain types of grates and 
for low-grade fuels and anthracite culm or dust, it is indispensable. 
Again, where a fair quality of fuel is obtainable the size of plant may 
determine the choice. 

First Cost: In small plants of, say, 100 to 150 horsepower the cost 
of a guyed steel chimney, 75 feet in height or less, would cost practi- 
cally nothing for operation, while the power required to operate a fan 
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in so small a plant would amount to 5 per cent or more of the total 
steaming capacity. 

A tall, self-supporting chimney for larger plants, however, is very 
costly as compared with a fan system of equal capacity. For example, 
a brick chimney 175 feet high and 10 feet in diameter, foundation and 
all, capable of furnishing the necessary draft for a 3000-horsepower 
plant, will cost about $10,000. A two-fan induced system of equiva- 
lent capacity will cost in the neighborhood of $5000, a one-fan system 
$3500, and a forced-draft system $2500. See Fig. 179. With interest 
at 5 per cent, depreciation 5 per cent, taxes 1 per cent, and insurance 
one-half per cent, the annual fixed charges will be $575, $402.50, $287.50 
respectively, for the fan equipment. 


TABLE 70. 

TYPICAL VARIABLE CAPACITY CHART. 
Performance of No. 6 Buffalo Turbo-Conoldal Fan. 


Outlet 

Capac- 

Add 



Static Pressure, Inches of Water. 






for 

Total 











ity, 

Cu. Ft. 

1 

1 1 

1 n 1 


2 

3 


Ft. Per 

Per 

Pres- 









Min. 

Min. 

sure. 

R.p.m. 

Hp. 

R.p.m. 

Hp. 

R.p.m. 

Hp. 

R.p.m. 

Hp. 

R.p.m, 

rip. 

1000 

1 

5,250 

0 063 

415 

0 71 









1200 

6,300 

0 090 

443 

0 94 

563 

1 60 

663 

2 29 

748 

3 13 



1400 

7,350 

0 122 

472 

1 23 

587 

1 

1 99 

682 

2 76 

767 

3.56 

910 

5 57 

1600 

8,400 

0 160 

503 

1 56 

613 

2 43 

705 

3 31 

785 

4 19 

930 

6 09 

1800 

9,450 

0 202 

535 

1.96 

642 

2 93 

730 

3 92 

808 

4.93 

947 

0 88 

2000 

10,500 

0 250 

562 

2 41 

670 

3 51 

767 

4 01 

833 

5.71 

907 

7,91 

2200 

11,550 

0 302 

602 

2 94 

702 

4.19 

785 

5.37 

858 

6 58 

988 

9.01 

2400 

12,600 

0 360 

637 

3 53 

733 

4 93 

813 

0.23 

885 

7.64 

1013 

10.19 

2600 

13,650 

0 422 

670 

4.21 

765 

5 76 

843 

7.18 

915 

8.61 

1040 

11.45 

2800 

14,700 

0.489 

708 

5.01 

798 

0.69 

873 

8 24 

945 

9.76 

1067 

12.85 

3000 

15,750 

0 560 

745 

5 87 

832 

7 71 

907 

9.42 

973 

11.09 

1093 

14.29 

3200 

16,790 

0 638 



1 


070 

12 06 

1037 

i 

14.02 

1152 

17.71 


This chart has been considerably condensed. In the original table static prossuroH and volocifcios are 
given for a wider range and at narrower increment. 


Depreciation and Maintenance: The depreciation of a well-dcsignod 
masonry or concrete stack is very low, and 2 per cent is a liberal factor. 
Maintenance is practically negligilDlc, as it requires no attention what- 
ever for years. A steel stack, however, must be kept well painted or 
corrosion will take place rapidly. The depreciation and maintenance 
charges on a mechanical-draft system will range from 4 per cent to 10 
per cent of the original outlay. 

Cost of Operation: Once erected, the comparative cost of operating 
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a chimney is practically nothing; that is, of course, on the assumption 
that the chimney and fan exhaust equal volumes of gas per pound of 
fuel and at the same temperature. A fan system requires for its oper- 
ation from one and one-half per cent to five per cent of the total steam- 
ing capacity of the plant, depending upon the type and character of 
the fan engine or motor, and the conditions of operation. 



1000 2000 3000 

Horse Power 

Fig. 184. Comparative Costs of Chimneys and Mechanical Draft (W. B. Snow). 


Efficiency: With fan draft a very thick fire can be maintained on 
the grate, thus permitting a high rate of combustion, and minimum 
air per pound of fuel, both of which result in increased boiler efficiency. 
The influence of the rate of combustion on air supply in a specific case 
is illustrated in Fig. 185. For the same temperature of discharge each 
pound of air in excess of theoretical requirements results in a loss of 
about one per cent of the total heat in the fuel. With fan draft an 
average figure is 18 pounds of air per pound of bituminous coal against 
24 pounds for the chimney, a saving of 5 per cent in favor of the fan. 
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Again, a fan permits of a low temperature of the flue gases without 
affecting the draft, while lowering the temperature in the chimney 
reduces the draft as shown in Table 36. From Table 14 we see that 
a reduction in flue gas temperature of 25 deg. fahr. will increase the 



Fig. 185. Influence of Rate of Combustion on Air Supply — Forced Draft. 

boiler efficiency about one per cent. With an economizer the flue 
gases may be reduced to 350 deg. fahr., with a net saving of about 
500 — 350 = 150, or 6 per cent of the total fuel. It is in this con- 
nection that the fan draft is peculiarly suitable. Of course, the chim- 
ney may be provided with an economizer, effecting the same reduction 
in temperature, but its height must be made sufficiently great to over- 
come the additional resistance of the economizer and the reduction in 
temperature of the chimney gases. 

Flexibility: With a fan the draft may be readily regulated for sudden 
increased or decreased requirements, independent of the boiler per- 
formance. Damp and muggy days appreciably affect the draft of a 
chimney, as do adverse air currents and high winds. 

Smoke: Smokeless combustion is more readily effected with arti- 
ficial draft than with natural draft, as a thicker fire can be carried, and 
the correct proportion of air can be more readily adjusted. 

Advardages of Forced Draft on Peak Loads: Elcc. Wld., July 8, li)lG, p. 08: S(ipt. 
16, 1916, p. 583. 

Notes on Fans: Power, Juno 15, 1915, p. 81$. 
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PROBLEMS. 

1. Dry air is flowing through a conduit, the velocity head (as indicated in Fig. 
179) being one inch water. If one cu. ft. air w'eighs 0.074 ib., required the velocity 
in ft. per sec. 

2. Let the cross-sectional area of the conduit in Prob. 1 be 2 sq. ft. and the static 
pressure 0.5 in water. Required the output horsepower of the fan. 

3. It is required to supply 20,000 cu. ft. air per min. to a furnace under a static 
pressure of one inch water. The cross-sectional area of the conduit is 3.33 sq. ft. 
The mechanical efficiency of the fan is 40 per cent. One cu. ft. of air weighs 0.074 
lb. Calculate the horsepower required to drive the fan. 

4. Required the horsepower necessary to operate the fan in Problem 3 if the static 
pressure is increased in 2 in. water. 

5. If the rated speed of fan in Problem 3 is 2000 r.p.m. required the horsepower if 
the speed is increased to 4000 r.p.m. 

6. The demands on a fan running 2000 r.p.m. have increased and it is estimated 
the fan will dehver the required volume of air if speed is increased to 4000 r.p.m. 
Show why it will be much more economical to replace blower with one designed to 
deliver the required volume. 

7. Required the capacity of an induced fan suitable for the conditions stated 
in Problem 3, Chapter VI. 

8. Required the power necessary to operate the fan in Problem 7, if its mechanical 
efficiency is 60 per cent. 



CHAPTER IX 

RECrPROCATING STEAM ENGINES 

158 . Introductory. — The type of prime mover best suited for a 
given installation is the one which delivers the required power at the 
lowest cost, taking into consideration all charges, fixed and operating. 
These include not only the cost of fuel, labor, supplies and repairs, 
but aU overhead charges such as interest on the investment, deprecia- 
tion, maintenance and taxes. Space requirements and continuity of 
operation are often of vital importance, and may greatly influence 
the selection of type of prime mover and auxiliary apparatus. In 
many situations the gas engine and producer are productive of the 
highest commercial economy; in others the choice lies between the 
reciprocating steam engine or turbine, occasionally the hydroelectric 
plant offers the best returns, but each proposed installation is a problem 
in itself, and general rules are without purpose. 

The reciprocating steam engine is the most widely distributed prime 
mover in the power world, and although its field of usefulness has been 
greatly encroached upon in recent years by the steam turbine and gas 
engine it is still an important heat engine and will probably continue 
to be a factor for years to come. In a general sense the piston engine 
is superior to the turbine for variable speed, slow rotative speeds and 
heavy starting torque, while the turbine has superseded the engine 
for large central station units and for auxiliaries requiring high ro- 
tative speed. The high-speed turbine in connection with efficient 
reduction gearing has many advantages over the piston engine for 
low-speed drives and is rapidly replacing the latter in this connection. 
From a purely thermal standpoint the Diesel type of internal com- 
bustion engine is superior to the steam engine and the turbine is more 
economical in space requirements, but taking into consideration all 
of the items affecting the production of power, the reciprocating engine 
may still prove to be the better investment in many situations, at 
least for sizes under 1000 horsepower. 

Improvement in the heat efficiency of the piston engine within the 
past three years has been remarkable and single cylinder units are 
being operated with steam consumptions lower than that obtained 
from the older types of compound units. A few years ago the piston 
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omies effected in the later designs has made it once more a formidable 
competitor of the steam turbine, at least for moderate power require- 
ments and non-condensing service. 

Present Status of Prime Movers: Pro. A.I.E.E., June, 1914, p. 953; Jan., 1915 , p. 102. 

159. The Meal Engine. — In every^ heat engine the working fluid goes 
through a circuit or cycle of operation. Beginning at a particular 
condition it passes through a series of successive states of pressure, 
volume and temperature and returns to the initial condition. An 
ideally perfect engine which effects the highest possible conversion 
of heat into mechanical work for a given cycle is taken as a standard 
of comparison for the performance of the actual engine. There are 
several cycles which simulate more or less the action of steam in the 
actual engine, but the Rankine cycle meets the conditions of most 
engines and for that reason has been adopted as a standard. The 
various cycles are treated at length in Chapter XXIV and need not 
be considered here. 

In order to realize the ideal Rankine cycle the waUs of the cyhnder 
and the piston must be non-conducting, expansion after cut-off must 
be adiabatic and carried down to the existing back pressure, the action 
of the valves must be instantaneous and steam passages must be 
sufficiently large to prevent wire drawing. None of these conditions 
is fulfilled by the actual engine. The various losses which prevent 
the actual engine from obtaining the efficiency of the ideal are outlined 
in paragraphs 169 to 177. 

The heat supplied, heat consumption, efficiency and water rate of 
a perfect engine operating in the Rankine cycle are treated at length 
in Chapter XXIV and may be summed up as follows: 

Heat supplied = Hi ~ B.t.u., (126) 

Heat absorbed = Hi - Hn, B.t.u., (127) 

Efficiency, Er = ( 128 )' 

Water rate, Wr = , lb. per hp-hr., ( 129 ) 

in which 

Hi = initial heat content of the steam, 

Hn = final heat content after adiabatic expansion from initial con- 
dition to final condition n, 

g„ = heat of the liquid corresponding to exhaust temperature. 

The average engine seldom expands to the existing back pressure 
and though this is a fault chargeable against it, occasion may arise to. 



Outer Bearing 



¥ig. 186. Typical Piston Engine, Single Cj^linder, Throttling G 
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compare the actual cycle '^’ith the theoretical in which expansion is 
not complete. The various theoretical quantities for this condition of 
incomplete expansion (see paragraph 462) may be calculated as follows : 

Heat supplied = Hi ~ qn B.t.u. per lb. (130) 

It will be noted that this is the same as for complete expansion. 


Heat absorbed = Hi — Hc + (Pc — P 2 ) B.t.u. per lb., 


Efficiency, E, 


/ _ Hi He ~t~ TT'g' (Pc ~ P2) 


Water rate, Wr = 
ill which 


Hi q^, 
2546 


Hi — He 4 “ (Pc ““ P2) Vt 


lb. per hp-hr., 


(131) 

(132) 

(133) 


He — heat content at release pressure Pc after adiabatic expansion. 
Pc = release pressure, lb. per sq. ft., 

Vc = specific volume of the fluid under release conditions, cu. ft. 
per lb. (Other notations as for complete expansion.) 


TABLE 71. 

THEORETICAL EFFICIENCIES AND WATER RATES OF PERFECT ENGINES 
OPERATING IN THE CARNOT AND RANKINE CYCLES. 

(Saturated Steam.) 


Initial 

Condensing.* 

Non-condensing. 






1 

1 


Pressure, 

Pounds 

Efficiency. 

Water Rate. 

Efficiency. 

Water Rate. 

Absolute. 









C 


C 

R 

C 

R 

C 

H 

50 

27.18 

24 98 

10.13 

8.98 

9.32 

8.98 

29.56 

28.51 

100 

31.51 

28 47 i 

9.10 

7.85 

14 70 

13.88 

19.48 

18.22 

150 

34 10 

30 60 

8.65 

‘7 26 

17.90 

16.65 

16.46 

15.08 

200 

35 91 

31 88 

8.41 

6 94 

20.19 

18.60 

14.94 

13.44 

250 

37 34 

32 93 

8.25 

6.70 

21.97 

20.05 

1 14.02 

12.42 

300 

38.51 

33.76 

8.14 

6 52 

23.42 

21.22 

13.39 

11.71 

400 

1 40.37 

35.10 

8.00 

6.25 

25.74 

23 07 

12.53 

10.73 

500 

41.79 

36.06 

7.988 

6.07 

27.54 

24.46 

12.12 

10.10 

600 

43.00 

36.84 

7.987 

5.94 

29.02 

25.57 

11.83 

9.66 


* Absolute back pressure 0.5 lb. per sq. in. 

Direct-acting steam pumps and engines taking steam full stroke 
have the following theoretical possibilities (see paragraph 463) : 


Heat supplied = Hi — qn B.t.u. per lb., (134) 

Heat absorbed = (Pi — P 2 ) Vi B.t.u. per lb., (135) 

Efficiency, E/' = 

W . ^ Tt 7 // 2546 x 778 

Water rate, Tv/ = -jn — ’ (137) 

{^Jrt — r^) Vi 
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in whicli 

= specijQc volume of the steam at pressure Pij cu. ft. per lb. 
(Other notations as above.) 

160. Efficiency Standards. — The performance of the actual engine is 
variously stated as follows: 

1. Steam consumption, pounds per hour or hp-hr. 

2. Heat consumption, B.t.u. per hp-hr. or per hp. per minute. 

3. Thermal efficiency, per cent. 

4. Mechanical efficiency, per cent. 

5. Rankine cycle ratio, per cent. 

6. Cylinder efficiency, per cent. 

7. Commercial efficiency. 




Fig. 187. Typical Piston Engine, Single Cylinder, Automatic Governor. 
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The indicator offers the simplest means of measuring the output of 
a piston engine, and for this reason the performance is usually stated in 
terms of indicated horsepower. The indicated horsepower is always 
greater than the net available power by an amount equivalent to the 
friction of the mechanism. The power actually developed, or brake 
horsepower, is not readily obtained except for smaU sizes, and it is 
customaiy to approximate this value by deducting the indicated horse- 
power when running idle from the indicated horsepower when running 
under the given load. This does not give the true effective power, 
but is sufficiently accurate for most commercial purposes. (See para- 
graph 174.) The output of steam turbines and piston engines driving 
electrical machinery is conveniently stated in electrical horsepower or 
kilowatts, since the electrical measurements are readily made. The 
electrical output as measured at the switchboard gives the net effective 
work, and automatically deducts the machine losses. Large turbines 
are usually tested at the factory by means of suitable water brakes, 
and the brake horsepower may be obtained from the makers. 

161 . Steam Consumption or Water Bate. — The most generally used 
measure of the performance of a steam engine is the steam consump- 
tion per hour or per unit of work output. Since the indicator offers 
the simplest means of measuring the output the performance is usually 
stated in terms of indicated horsepower,"^ By plotting the total weight 
of steam passing through the engine as ordinates and the indicated 
horsepower as abscissas the performance of the engine at all loads 
may be seen at a glance. Just what form the total water rate curve 
will take depends largely on the type of governing and the form of 
valve gear. If the control is by throttling, the total water rate curve 
is substantially a straight line, and the relation is commonly called 
the Willans line, Fig. 214. When two points on this line, or one point 
and the slope, are given the line can be drawn at once. If the control 
is by ^‘cutting off’^ the curve departs somewhat from a straight line, 
but in many cases the departure is insignificant. Fig. 222. Dividing 
the ordinates by corresponding abscissas gives the steam consumption 
per indicated horsepower-hour or unit water rate, Fig. 214. 

For electrically driven machinery the economy is given as steam 
consumption per electrical horsepower-hour or per kilowatt-hour. A 
study of the unit water rate curve will show that the steam consump- 
tion decreases with the load up to a certain point and then increases. 

* This must not be confused with the steam accounted for hy the indicator diagram, 
or, as it is commonly called, the indicated steam consumption. The former refers to 
the actual weight of fluid flowing through the cylinder and the latter to the weight 
of steam calculated from the indicator card. (See paragraph 8, Appendix B.) 
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This point of niinimum steam consumption corresponds ordinarily to 
the rated load. If the initial pressure, quality and back pressure 
were constant for all conditions of operation the water rate would be 
a true measure of heat efficiency, but since this is not the case the 
water rate under actual conditions is of little value in comparing per- 
formances. The water rate may be used as a means of comparison 
provided suitable corrections are made for pressure and quality, but 
this procedure is not common. The water rates for different types 
of engines are given further on in the chapter. 

162. Heat Consumption. — Because of the extreme variation in 
steam conditions the performance of all engines and turbines is best 
expressed in terms of the heat consumption per unit output measured 
above the maximum theoretical temperature at which the condensation 
can be returned to the boiler. This temperature is called the ideal 
feed-water temperature. Thus the ideal feed-water temperature of an 
unjacketed non-condensing engine without receiver coils exhausting at 
standard atmospheric pressure is 212 deg. fahr., and that of a con- 
densing engine exhausting against an absolute back pressure of two 
pounds is 126 deg. fahr. If the engine is fitted with jackets and re- 
heating coils the heat of the liquid at jacket and coil pressure should 
be added to that of the exhaust in determining the ideal feed-water 
temperature. For example, if a condensing engine exhausts against an 
absolute back pressure of two pounds, and ten per cent of the total 
weight exhausted is condensed in the jackets under a pressure of 150 
pounds absolute, the ideal feed-water temperature will be 159.5 deg. 
fahr. (Heat of the liquid at 150 pounds absolute = 330 B.t.u. per 
pound. Heataddedby the jackets to the feed water == 330 X 0.1 == 33. 
Heat of the liquid at two pounds absolute = 94 B.t.u. 94 -f- 33 = 127 
B.t.u., which corresponds to an actual temperature of 159.5 deg. fahr.) 

Example 25. (1) A compound condensing engine develops one brake 
horsepower-hour on a steam consumption of 8.5 pounds, initial pres- 
sure 200 pounds absolute, superheat 250 deg. fahr., (^xhaust/ pressure 
0.5 pound absolute, release pressure two pounds absolute. (2) The 
same engine when using wet steam develops one brake horsepower- 
hour on a steam consumption of 12 pounds per hour, initial pressure 
150 pounds absolute, quality 98 per cent, exhaust pressure two pounds 
absolute, release pressure four pounds absolute. 

Determine the comparative heat consumption of the two engines. 

Superheated steam engine: 

Hi == 1332 approx, (from steam tables), 

Qn = 48, 

Heat supplied per br. hp-hr. = 8.5 (1332 - 48) = 10,914 B.t.u., 

Heat supplied per br. hp. per minute == 181.9 B.t.u., 



Ily Wheel- 
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Saturated steam engine: 

Hi = XiTi + qi 

= 0.98 X 863.2 + 330.2 = 1176.1, 

(T his may be obtained directly from the Mollier diagram.) 
gn ~ 94, 

Heat supplied per br.hp-hr. = 12 (1176.1 — 94) = 12,985 B.t.u., 

Heat supplied per br.hp. per minute = 216.4. 

Economy of superheated steam 

g ^ 

(1) in steam consumption, 100 — 29.2 per cent, 

X. ,^^216.4-181.9 

(2) in heat consumption, 100 2 I 6 IE 

The heat consumption for different types of piston engines is given 
further on in the chapter. 


163 . Thermal Efficiency. — The thermal efficiency of a steam engine 
or turbine is the ratio of the heat converted into useful work to that 
suppUedj measured above the heat of the liquid at exhaust steam 
temperature.* If the heat consumption is expressed in terms of i.hp-hr., 
the ratio becomes the indicated thermal efficiency. Since the heat 
equivalent of one horsepower, using the latest accepted values, is 
42.44 B.t.u. per minute or 2546 B.t.u. per hour, this relationship may 
be expressed 

2546 

^ B.t.u. supplied per br. hp-hr. 


2546 

W{Hi~qS 

in which 


(138) 


W = the weight of steam supplied, pounds per developed horse- 
power-hour. 

Hi and qn as in equation (129). 


If measured in electrical units this relai/ionship becomes 


in which 


3413 




Wi = pounds per kilowatt-hour; other notations as in (129). 


(139) 


* The heat supplied is often measured above the adual food-water temperature 
but the latter is not dependent upon the performance of the engine and hence m not 
satisfactory for purposes of comparison. 
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Example 26. Determine the thermal efficiencies for the two engines 
using the data of the preceding example. 

Superheated steam engine, 


' 8.5 (1332 ^ 48) " 

Saturated steam engine, 

F 2546 

' 12(1176.1 - 94) 


= 0.233 = 23.3 per cent. 


0.196 = 19.6 per cent. 


The thermal efficiency of the actual engine varies from 5 per cent 
for the poorer grades of non-condensing engines to 25 per cent for the 
best recorded performance to date. As far as thermal efficiency is 
concerned the piston engine still leads the turbine for sizes under 
2000 horsepower. 


164. Mechanical Efficiency. — The ratio of the developed or brake 
horsepower to the indicated power is the mechanical efficiency of the 
engine; the ratio of the electrical horsepower to the indicated power 
is the mechanical efficiency of the engine and generator combined; 
and the ratio of the pump horsepower to the indicated power of the 
engine is the mechanical efficiency of the engine and pump combined. 
The percentage of work lost in friction is therefore the difference be- 
tween 100 per cent and the mechanical efficiency in per cent. (See 
also paragraph 174.) 

TABLE 72. 


MECHANICAL EFFICIENCIES OF ENGINES. 


Kind of Engine. 

IIorHo Power, 

Efficiency at Full 
Load. 

Simple: 

1. High-speed, non-condensing 

150 

95.5 

2. High-speed, condensing 

170 

96 

3. Low-speed, non-condensing 

275 

94 

Compound: 



4. High-speed, non-condensing 

150 

94 

5. High-speed, condensing 

160 

98 

6. Low-speed, non-condensing 

<)00 

95 

7. Low-speed, condensing 

1000 

95 

8. Do 

1 5500 

95.2*^ 

9. Do 

7500 

93.0^ 

Triple: (combined efficiency of engine and 
pump) 



10. Pumping engine 

865 

97.4 

Quadruple: (combined efficiency of engine and 
pump) 

1 1 . Pumping engine 

» . • . - 


712 

93 


* Combined eiBcionoy of engine and generator. 
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The mechanical efficiency of piston engines at rated load varies from 
85 per cent for the cheaper grades of engines to 95 per cent and even 
98 per cent for the better t^-^es. The size of engine has practically 
no influence on the mechanical eflficienc^'’, though the smaller machines 
are apt to have a lower efficiency because of the cheaper construction. 
Generator efficiencies at full load var^" from 86 per cent for the 15- 
kilow^att size to 94 per cent for units of 2000 kilowatts rated capacity. 
The generator efficiency of very large turbo-alternators, 25,000 kilo- 
watt rated capacity or more, is in the neighborhood of 96 per cent. 
The overall or combined efficiency at rated load varies from 75 per 
cent for small units to 93 per cent for larger ones. A few examples 
of high engine efficiency are cited in Table 72. The efficiency at 
fractional loads for a specific case are illustrated in Fig. 190. 



Lucke, Engineering Thermodynamics , p. 370, states that the mechan- 
ical efficiency of the piston engine is independent of the speed and 
that it may be expressed 


E^^l-Ki 


, 

pa-e.p. 


(140) 


in which 


Ki = constant, varying from 0.02 to 0.05, 
i ^2 = constant, varying from 1.3 to 2.0, 
m.e.p. = mean effective pressure, lb. per sq. in. 


165. Eankine Cycle Eatlo. — The degree of perfection of an engine 
or the extent to which the theoretical possibilities are realized is the 
ratio of the thermal efficiency of the actual engine to that of an ideally 
perfect engine working in the Rankine cycle with complete expansion. 
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This is called the Rankine cycle ratio or potential efficiency.'^ It is 
the accepted standard for comparing the performance of steam engines 
and steam turbines. 

If £' = Rankine cycle ratio t 

Et = thermal eflBciency of the actual engine, 

Er = efficiency of the ideal engine work in the Rankine cycle with 
complete expansion. 

Then ^ = 


From equation (138) 


And from equation (128) 


Whence 

E = 


Et = 


2546 

W (H. - qj ' 


Er = 


Hi-Hn 

{Hi-qS 


2546 , Hi-Hn 

W (Hi - qn) ■ "Hi - qn 


(142) 


2546 

W (Hi-Hn)' 


(143) 


Example 27. Determine the Rankine cycle ratio of the two engines 
specified in paragraph 162. 

Superheated steam engine: 

® ■ 8.5 (1332 - COS) - “"*■ 

Saturated steam engine: 

® "" 12 (1176 - 898) "" 

Tables 81 and 83 give the best recorded Rankine cycle ratios for 
current practice. 

166. Cylinder Efficiency.^ — The piston engine seldom expands the 
steam down to the existing back pressure but releases from two to five 
pounds above this point in condensing engines and from to 20 pounds 
above in non-condensing engines. The ideal cycle corresponding to 
this condition is the Rankine cycle with incomplete expansion. The 
ratio of the thermal efficiency, of the actual engine to that of the ideal 
engine working in the incomplete cycle is a true measure of the degree 

The term ^'thermodynamic efficiency’^ or "efficiency” without qualification is 
ordinarily interpreted as the Rankine cycle ratio though some authorities apply the 
name "thermodynamic efficiency” to the "thermal efficiency” as defined in para- 
graph 163. 

t This may be based on either indicated, brake or electrical horsepower. 
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of perfection of the engine under the given conditions, 
called cylinder efficiency and may be expressed as 

■pf ^ 2546 

W [(Hi - He) + (Pc - P 2 ) - 778] 

See equations (138) and (132). 


This rate is 
(144) 


Example 28. Determine the cylinder efficiency of the two engines 
specified in paragraph 162. 

Superheated steam engine: 

2546 

8.5 1 [1332 - 980 + m (2.0 - 0.5) 0.866 X 173.5] 

= 0.761 = 76 per cent. 

Saturated steam engine: 


12 [1176 - 935 + m (4 ~ 2) 0.808 X 90.5] 

= 0.808 = 80.8 per cent. 

Summing up the various efficiencies for the two cases analyzed in 
paragraphs 162 to 166: 


Saturated Superheated 
Steam Engine. Steam Engine 


Pressure, pounds per square inch, absolute: 

Initial 150 200 

Release 4 2 

Condenser 2 05 

Degree of superheat, deg. fahr 0.98* 250 

Steam consumption, pounds per developed horsepower- 
hour: 

Actual engine 12.00 8.50 

Ideal engine, Rankine cycle, with incomplete expan- 
sion 9.69 6.46 

Ideal engine, Rankine cycle, with complete expansion 9.16 6.00 

Ideal engine, Carnot cycle 10.59 

Thermal efficiency, per cent: 

Actual engine 19.6 23 3 

Ideal engine, Rankine cycle, with incomplete expan- 
sion 24 3 30.7 

Ideal engine, Rankine cycle, with complete expansion 25.8 33.3 

Ideal engine, Carnot cycle 28.3 

Heat consumption, B.t.u., per developed horsepower- 

minute, Actual engine 216.4 181.9 

Ideal engine, Rankine cycle, with incomplete expan- 
sion 190.4 154.6 

Ideal engine, Rankine cycle, with complete expansion 174.8 138.4 

Ideal engine, Carnot cycle 152.5 

Rankine cycle ratio, per cent 76 3 70.6 

Cylinder efficiency, per cent 80.8 76.1 


* Quality. 


t If the steam consumption per i.hp-hour is used in this connection instead of 
the consumption per br.hp-hour this ratio becomes the indicated cylinder efficiency. 
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167. Oonimefcial Efficiencies. — There is no accepted standard for 
rating the commercial efficiency of an engine or turbine. The various 
measures used in this connection, such as pounds of standard coal per 
d.hp-hour, cents per horsepower per year and the like include the economy 
of the boiler and auxiliaries and arc not a true indication of the per- 
formance of the engine alone. From a commercial standpoint it is im- 
portant to know the weight of coal required to develop a horsepower- 
hour, taking into consideration all of the losses of transmission and 
conversion, and a knowledge of the overall efficiency from switchboard 
to coal pile is of value in basing the cost of power, but these items 
are in reality measures of the plant economy and are of little value in 
comparing the performance of the prime mover. The various effi- 
ciencies under this heading are treated in Appendices B to G. 

168. Heat Losses in the Steam Engine. — The principal losses which 
tend to lower the efficiency of the steam engine and which prevent it 
from realizing the performance of the ideal engine are due to : 

(a) Cylinder condensation. 

(b) Leakage. 

(c) Clearance volume. 

(d) Incomplete expansion. 

(e) Wire drawing. 

(/) Friction of the mechanism. 

(g) Presence of moisture in the steam at admission. 

(h) Radiation, convection and minor losses. 

169. Cylinder Condensation. — The weight of steam apparently used 
per revolution, as determined from the indicator card, or the indicated 
steam consumption"^ (see paragraph 8, Appendix B), is considerably 
less than that actually supplied. The difference or missing quantity is 
due chiefly to cylinder condensation. This is by far the greatest loss in 
the steam engine with the exception of that inherent in the ideal en- 
gine. When steam is admitted to the cylinder a considerable portion 
of the heat is given up to the comparatively cool skin surface of the 
cylinder walls. If the steam is saturated at admission this heat ab- 
sorption causes condensation, or initial condensation as it is called; if 
superheated at admission the temperature is lowered i/O a correspond- 
ing point. After cut-off heat con-^inues to be given up to the walls 
until the temperature of the steam falls below that of the skin surface, 
when the process is reversed and part of the heat is returned to the 
steam. With saturated steam the heat absorption causes condensation 
during expansion, and the heat rejected, reevaporation during expansion. 

* Also called the steam accounted for by the diagram or diagram steam. 
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With superheated steam an equivalent heat exchange takes place. 
Unless the cylinder is of a compound series the heat absorbed from the 
cylinder walls during exhaust does no useful work and is lost. Cylinder 
condensationj measured as the proportion of the mixture present, 
varies with the size of the engine, speed, length of cut-off, valve design, 
temperature range, location of ports and port passages, jacketing, 
lagging, and other variables. It ranges from 16 to 30 per cent, and 
is occasionally as high as 50 per cent of the total weight of steam ad- 
mitted to the cylinder. Cylinder condensation and leakage cannot be 
conveniently separated and are ordinarily classified together. Fig. 191 



Percentage of Cut Off 

Fig. 191 . 

shows the relation between cylinder condensation and leakage losses 
for various percentages of cut-off for simple high-speed non-condensing 
engines. 

Empirical formulas for calculating the extent of these losses, and 
which involve the various influencing factors, are unwieldy and only 
approximately accurate. One of the most satisfactory formulas of 
this class is that deducted by R. C. H. Heck, ^^The Steam Engine and 
Turbine,” 1911, p. 175. 

The various heat exchanges between working fluid and the cylinder 
walls, including cylinder condensation and leakage, are approximately 
determined by transferring the indicator diagram to the temperature 
entropy chart. (See paragraph 466.) 
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For use and application of the temperature-entropy diagram in 
engine tests consult Power, Dec., 1907, p. 834; Jan. 21, 1908, p. 96; 
Jan. 28, 1908, p. 145. 



Fig. 192. Diagrams Taken from a 12-in. by 24-in. Corliss Engine. 

A comparative!}^ simple method for approximating cylinder conden- 
sation and leakage losses is given by J. Paul Clayton, Proc. A.S.M.E., 
April, 1912, and consists in transferring the indicator diagram to loga- 
rithmic cross-section paper. By means of the logarithmic diagram 



Fig. 193. Logarithmic Diagrams Plotted from Pig. 192. 

Clayton found that (1) free from certain abnormal influences, expan- 
sion and compression take place in the cylinder substantially according 
to the law PV^ = Cj (2) the value n bears a definite relation in any 
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given cylinder to the proportion of the total weight of steam mixture 
which was present as steam at cut-off, (3j the relation of the value ii 
to the value Xc (quality of steam at cut-off) for the same class of cylinder 
as regards jacketing is practically independent of engine speed and of 
cylinder size, and (4) by means of the experimentally determined re- 
lation of Xn and n the actual steam consumption may be obtained 
from the indicator card to well within 4 per cent of the true value. 
The curves in Fig. 193 were plotted on logarithmic cross-section paper 
from the pressure-volume diagrams, shovm in Fig. 192, and illustrate 



Fig. 194. Relation of Quality and the Value of n. 

Mr. Clayton's method of analysis. The curves in Fig. 194 show 
the relation between quality Xc and exponent n or for a given set of 
conditions. See also paragraphs 470-3. 

Cylinder Condensation: Power, Jan. 3, 1911, p. 25; Jan. 30, 1912, p. 145; Nov. 5, 
1912, p. 664. 

17a. Leakage of Steam. — The loss due to leakage is a variable 
factor depending upon the design and condition of the engine, and is 
greater with saturated than with superheated steam. The usual 
method of measuring leakage past the valves and piston while the 
engine is at rest is likely to give erroneous results, as demonstrated by 
Callender and Nicolson (Peabody, “Thermodynamics," p. 351) in tests 
made on a high-speed automatic balanced-valve engine and on a quad- 
ruple expansion engine with plain unbalanced slide valves. With the 
engines at rest they found that the leakage past valves and piston was 
insignificant, but when in operation the leakage from the steam chest 
into the exhaust was considerable. It was thought that a large propor- 
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tion of the leakage was probably in the form of water formed by con- 
densation of steam on the seat uncovered by the valve. 

According to the report of the Steam Engine Research Committee 
(Eng. Loiid.j IMarch 24, 1905, p. 208), leakage through a plain slide 
valve is independent of the speed of the sliding surfaces, and directly 
proportional to the difference in pressure on the two sides; with w^ell- 
fitted valves the leakage is never less than 4 per cent of the volume of 

steam entering the 
cylinders, and is often 
greater than 20 per 
cent. 

The various leakage 
losses may be approx- 
imated by transferring 
the indicator diagram 
to logarithmic cross- 
section paper. Fig. 195 
shows the application 
of the logarithmic dia- 
gram to a specific case 
and illustrates this 
method of determining 
leakage losses. See 
paragraph 465. 

Leakage Past Piston 
Valves: Engr., Feb. 9, 1912. 

171. Clearance Volume. — The portion of the cylinder volume not 
swept through by the piston but which is nevertheless filled with steam 
when admission occurs is called the clearance volume. It is the space 
between the end of the piston when on dead center and the inside of 
the valves covering the ports. It varies from about 1 per cent of the 
piston displacement in very large engines with short steam passages 
to 10 per cent or more in small high-speed engines. 

The extent of surface in the clearance space greatly influences the 
amount of cylinder condensation since the piston is moving slowly 
near the end of the cylinder, and the time of exposure of the steam 
to these surfaces is comparatively long. The greater part of the cyl- 
inder condensation usually occurs in the clearance space, therefore 
the steam passages and clearance space should be designed so as to 
present a minimum amount of surface consistent with the proper 
cushioning volume for smooth operation. Theoretically if steam is 
compressed adiabatically to the initial pressure there is no loss due to 



Fig. 195. Diagram from a 14-iii. by 35-in. Corliss 
Engine, Showing Leakage at Beginning and End of 
Expansion and Compression. 
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clearance but in practice compression carried to initial pressure does 
not necessarily improve the economy. For a constant time element 
the shorter the cut-off the greater will be the ratio of the weight of 
cushion steam to that of the steam supplied and hence the greater the 
loss. In large, slow-mo\ing engines the loss due to clearance may be 
greater than that in high-speed, short-stroke engines because of the 
longer time of exposure to the clearance surface. 

The ratio of expansion is decreased by clearance; for example, an 
engine cutting off at one-fifth, neglecting clearance, has an apparent 
ratio of expansion of 5, but if the clearance volume is 10 per cent the 
actual ratio is only 3.66. One of the few recorded tests relative to the 
influence of clearance on the economy of a high-speed engine was con- 
ducted on a 14-in. by 15-m. Allfree engine. (Power, May, 1901.) 
With a clearance volume of 2,2 per cent, initial pressure 105 pounds 
gauge, and 172 r.p.m., the best performance was 23.7 pounds of dry 
steam per i.hp-hour. With the same steam pressure and speed but 
with clearance volume increased to 6 per cent by the use of a shorter 
piston, the best performance was 28.3 pounds per i.hp-hour. In both 
cases the compression was carried up to admission pressure. 

Independent tests made by Prof. Boulvin and by A. H. Klemperer 
on single-cylinder Corliss engines gave a minimum water rate when the 
clearance volume was approximately one-half the compression volume. 
See end of paragraph 172. 

Engine Clearance and Compressiori: Power, July 5, 1910, Dec. 27, 1910; Sibley 
Journal, Dec., 1910. 

173. Loss Due to Incomplete Expansion and Compression. — Theo- 
retically the loss due to incomplete expansion is considerable. For 
example, the theoretical steam consumption of a perfect engine (Ran- 
kine cycle) expanding from 120 pounds absolute to a condenser pres- 
sure of 2 pounds absolute is 9.6 poimds per horsepower-hour. If the 
expansion were carried to only 5 pounds absolute, the exhaust pressure 
remaining the same, the steam consumption would be increased to 
11.8 pounds per horsepower-hour, a difference of 22 per cent for an 
increase in terminal pressure of only 3 pounds per square inch. The 
theoretical water rates for various terminal pressures are given below. 
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In actual engines expansion is seldom complete j since it would neces- 
sitate increased bulk and weight of engine, and the work done by the 
steam in the last stages would not compensate for the increased cost. 

In single-cylinder engines maximum economy is effected w’-hen the 
terminal pressure is considerably above that of the exhaust, since the 
gain due to complete expansion is more than offset by the increased 
cylinder condensation. This is true to a certain extent in all engines 
irrespective of the number of cylinders. Tests by G. H. Barrus 
Engine Tests/^ 1900) to determine the terminal pressures effecting 
maximum economy for various types of engine gave results as follows: 



Terminal Pressure, 
Pounds Absolute. 

Simple slide-valve engines, non-condensing 

Simple slide-valve engines, condensing 

RimnlA OnrliQR pno'iTiPs nrm-condensinsr 

30 to 40 

25 to 30 

20 to 25 

Rirri'nlp rirkrlisR pnp’i'nfts condensing 

15 to 18 

flom'nntTnr? pnfrrTiPS Tion-condensinff- . . 

18 to 22 

Compound engines, condensing 

3 to 5 


In high-speed engines a certain amount of compression is desirable 
for its cushioning effect; outside this mechanical feature compres- 
sion may or may not be of benefit to the engine, as will be seen from 
the results of tests stated below. Zeuner in his treatise on theoreti- 
cal thermodynamics proves deductively that in an engine with a large 
clearance volume the loss due to clearance is completely eliminated if 
the compression is carried up to admission pressure, a conclusion which 
tests by Jacobus, Carpenter, and others fail to confirm. A series of 
tests by Professor Jacobus (Trans. A.S.M.E., 15-918) on a 10-in. by 
11-in. high-speed automatic engine at Stevens Institute show decreasing 
economy with increase of compression, the initial pressure, cut-off, and 
release remaining constant. The results were as follows: 


Proportion of initial pressure up to which the 

steam is compressed 

Steam, pounds per i.hp-hour 

5 

8 

34.8 

2 

36.7 

Full 

38 

Tests by Carpenter (Trans. A.S.M.E., 16-957) on the high-pressure 
cylinders of the Corliss engine at Sibley College gave: 

Compression, per cent 

Brake horsepower 

Steam, pounds per br.hp-hour 

11.4 

30 

33 

25 

29 

33.3 

35.2 

26 

34 
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Tests made by A. H. Klemperer on a T.l-in. by^ 17.7-m.^ Corliss 
enginOj at Dresden, gave decreasing steam consumption for increase 
in compression up to a compression of about twice the clearance vol- 
ume, beyond which the water rate increased with the increase in com- 
pression. (Zeit. d. Ter, deut. Ingr., Aol. I, 190o, p. 797.) 

Tests made by Prof. Bouhdn on a 9.8-in. by 19.7-m. CorHss engine at 
Eniversitv of Ghent gave results agreeing with those of Klemperer. 
(Rewe de Alecanique, 1907, VoL XX, p. 109.) 



Fig. 197. 

Fig. 197 shows the influence of increasing back pressure on the 
economy of an 8-in. by 10-in. automatic high-speed engine at the 
Armour Institute of Technology. 

The Effect, cf Compression: Power, Oct, 27, 1914, p. 595. 

173 . Loss Due to Wire Drawing. — Wire drawing, or the drop in 
pressure due to the resistances of the ports and passages, has the effect 
of reducing the output and the economy of the engine to some extent, 
since the pressure within the cylinder is less than that at the throttle 
during admission and greater than discharge pressure at exhaust. 
The steam may be dried to a small extent during admission, but be- 
cause of the drop in pressure the heat availability is reduced. The loss 
in available heat may be calculated as shown in paragraph 456. In 
single-valve engines the effects of wire drawing are decidedly marked 
and the true points of cut-off and release are sometimes diflScult to 
locate on the indicator card. In engines of the Corliss, poppet, or 
gridiron-valve type the effects are hardly noticeable. 
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174. Loss Dtte to Friction of tlie Mechanism. — The difference between 
the indicated horsepower and that actually developed is the power 
consumed in overcoming friction, and varies from 4 to 20 per cent of 
the indicated power, depending upon the type and condition of the 
engine. Engine friction may be divided into (1) initial or no-load 
friction and (2) load friction. The stuffing-box and piston-ring friction 
is practically independent of the load, while that of the guides, bear- 
ings, and the like increases with the load. In Fig. 198, curve A gives 
the relation between the frictions for a four-slide-valve horizontal 
cross compound engine, and B that for a simple non-condensing Corliss. 



(Peabody^s ^^Thermodynamics,” pp. 433 and 437.) Curve C is plotted 
from the tests of a Reeves vertical cross compound condensing engine 
(Engineering Record, July 1, 1905, p. 24), and D from the test of an 
Ames simple high-speed non-condensing engine. (Engineering Record, 
Vol. 27, p. 225.) A large number of recorded tests show less friction at 
full load than at no load, but this is probably due to error or to varia- 
tions in lubrication. With first-class lubrication it is usually sufficiently 
accurate to assume the friction to be constant and equal to the initial 
friction at zero load. The distribution of the frictional losses in a 
number of engines is given in Table 73. 

175. Moisture. — The presence of moisture in the steam pipe is due 
to condensation caused by radiation or to priming at the boiler. Unless 
removed by some separating device between boiler and engine the 
amount of moisture entering the cylinder may be from 1 to 5 per cent 
of the total weight of steam, and the work done per pound of fluid is 
correspondingly reduced. This loss should not be charged against 
the engine, however, and its performance should be reckoned on the 
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dry steam basis. Experiments reported by Professor R. C. Carpenter 
(Trans. A.S.M.E., 15-438] in which water in var}nng quantities was 
introduced into the steam pipe, causing the quality of the steam to 
range from 99 per cent to 57 per cent, showed that the consumption 
of dry steam per i.hp-hour was practically constant, the water acting 
as an inert quantity. An efficient separator will remove practically 
all the entrained water. 

TABLE 73. 

DISTEIBITTION OF FRICTION IN SOME DIRECT-ACTING STEAM ENGINES. 

(Thurston.)* 


Percentage of Total Engine Friction. 


Parts of Engines where Friction 
is Measured. 

i 

“ Straight 
Line 

Balanced 

Valve, 

** Straight 

Line *’ 

Unbalanced 

Valve. 

Traction 
Engine 
Locomotive 
Valve Gear. 

Automatic 

Baianced 

Valve. 

Condensing 

Engine 

Balanced 

Valve, 

Main bearings 

47.0 

35.4 1 

35.0 

41.6 

1 46.0 

Piston and piston rod 

32 9 

25.0 

21.0 

49.1 

i 

21.8 

Crank pin 

6.8 

5.1 

13.0 

Crosshead and wrist pin. . 

5.4 

4.1 

Vaire and valve rod 

2.5 

26.4 

22.0 

9.3 

21.0 

Eccentric strap 

5.4 

4.0 

Link and eccentric 



9.0 




Air pump 





12.0 






100.0 

100.0 

100.0 

100.0 

100.0 


* “ Friction and Lost Work in Machinery,” p. 13. 


176. Radiaiioa and Minor Losses. — The radiation and conduction of 
heat from the cylinder, piston rod and valve stem has the effect of in- 
creasing the cylinder condensation. In jacket engines this loss may be 
approximated by the quantity of steam condensed in the jacket when 
the engine is not running. In unjacketed engines the loss is practically 
undeterminable since the heat exchange between cylinder walls and 
the steam is exceedingly complex. The heat loss due to radiation, 
measured in terms of the total heat supplied, varies from 0,3 per cent 
in very large units with efficiently lagged cylinders and steam chests 
to approximately 2 per cent in small engines as ordinarily insulated. 

177. Heat Lost in the Exhaust. — Most of the heat supplied to the 
engine is rejected to the exhaust; this varies from 70 per cent in the 
most economical type of prime mover to 95 per cent in the poorer 
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tT’pes. If the exhaust steam is used for heating purposes the heat 
chargeable to power is the difference between the heat supplied and 
that utilized from the exhaust. In passing through a prime mover 
heat is abstracted from the steam by: 

(1} Conversion of part of the heat into mechanical energy. 

(2) Loss through radiation. 

If w represents the water rate or steam consumption per indicated 

2546 

horsepower-hour or the equivalent, then = B.t.u. utilized per 

hour from each pound of steam in producing one indicated horsepower. 
Considering Hi as the initial heat content, B.t.u. per pound above 
32 degs. fahr., and Hr as the loss due to radiation, the heat content 
H 2 per pound of exhaust will be 

Hi = Hi -Hr- — • ( 145 ) 

w 


As previously stated the heat loss due to radiation in terms of the 
total heat supplied varies from 0.3 per cent in very large units with 
efficiently lagged c^dinders and steam chests to approximately 2 per 
cent in small engines of 25 horsepower rated capacity. An average 
value of one per cent may be assumed for most practical purposes. 

If the exhaust contains moisture as is usually the case, we have 


H 2 = + ^ 2 , 

in which 

X 2 = quality of the exhaust, 

r 2 = latent heat corresponding to exhaust pressure, 
q 2 = heat of the liquid at exhaust pressure. 

Combining equations (145) and (146) and reducing 


X2 = 


Hi -Hr- q2- 


2546 

w 


r2 


If the exhaust is superheated 


in which 


2^2 = r 2 + ^2 + 


( 146 ) 


(147) 

(148) 


Cm = mean specific heat of the superheated steam at exhaust pressure, 
t 2 = degree of superheat of the exhaust steam, deg. fahr. 


Assuming that the moisture in the exhaust is rejected to waste, 
the heat available per pound of exhaust steam at the exhaust nozzle 
is ^ 2^2 + g 2 and the net heat chargeable to power is 

w [Hi — {X 2 r 2 + ^ 2 )] B.t.u. per i.hp-hr. 


(W9) 
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Fig. 199. 7500-kw. Vertical-horizontal Double-compound Engine as Installed at 
the 59th Street Station of the Interborough Rapid Transit Co. (Manhattan Type.) 


All of this heat is not available for commercial heating purposes 
because of the condensation losses in the exhaust main. The extent 
of the latter depends upon the size and length of main, rate of flow 
and efSciency of the pipe covering. Representing this loss, per pound 
of steam, by the total heat chargeable to power is 

w [Hi - (a^r 2 + q^) + B.t.u. per i.hp-hr., (150) 

and the equivalent water rate for power only is 


w [Hi — {X2T2 + ^2) + lu * u u 
— lb. per i.hp-hr., 

in which 

H = net heat supplied to the engine, B.t.u. per pound. 
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Yei*}" little iiifomiation is available relative to the qualit}^ of exhaust 
as determined by actual test but such as has been published is in accord 
with the results calculated from equation (147). 

Moisture in Exhaust Stea7?i. — Triins. Am. Soc. Heat & Vent. Eiigrs., VoL 21 j 191o, 
p. 85; Trans. A.S.M.E., VoL 32, p. 331. 

Example 29. A 23-inch by 16-inch simple engine, direct connected 
to a 200-kilow'att generator installed at the Armour Institute of Tech- 
nology uses 35 pounds of steam per indicated horsepower-hour at full 
load, initial pressure 115 pounds absolute, back pressure 17 pounds 
absolute, initial quality 98 per cent. 

Calculate the quality of the exhaust, assuming a radiation loss of 
one per cent. 

From steam tables Hi = X7' + q 

= 0.98 X 879.8 + 309 
- 1171+, 
r2 = 965.6, 

$2 = 187.5. 

By assumption, Hr — 0.01 X 1171 = 11.7. 

Substituting these values in equation (147) 

^or- - 2546 

1171 - 11.71 - 187.0 ^ 

X 2 == 0.933 or 93.3 per cent. 

96o.6 

(Actual calorimeter tests gave a quality of 92.5 per cent, indicating 
a somewhat larger radiation loss than the assumed value of one per 
cent.) 

Total heat chargeable to power (equation 150). 

35 [1171 - (901 + 187.5) + = 2918 + 35 iJ^B.t.u. per i.hp-hr. 

Hx varies within such wide limits that general assumptions are apt 
to lead to serious error. Where specific figures are not available it is 
customary to allow 2 per cent of the heat value of the exhaust as the 

extent of this loss. With this assumption we have as the heat charge- 

able to power 

2918 + 35 X 0.02 (901 -F 187.5) = 3680B.t.u. per i.hp-hr. 

Assuming that the condensation from the heating system, including 
that exhausted from the engine, is returned to the boiler at a tempera- 
ture of 192 deg. fahr., the net heat supplied per pound of steam is 

H = 1171 - (192 - 32) 

= 1011 B.t.u. 

And the equivalent water rate for power only is 

3680 o ao lu • k 
= 3.63 lb. per i.hp-hr. 

The low fuel consumption for power when the exhaust steam is used 
for heating purposes is at once apparent. 
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178. Methods of Increasing Economy. — arious methods have been 
adopted for bettering the economy of piston engines; among them may 
be mentioned: 

(a) Increasing boiler pressure. 

(h) Increasing rotative speed. 

(c) Decreasing back pressure by condensing. 

(d) Superheating. 

(e) Ese of steam jackets. 

(/) Reheating receivers. 

{g) Compoundiiig. 

(A) Ese of uniflow or straight-flow cylinders. 

(ij Ese of binaiy fluids. 

179. Increasing Boiler Pressure. — A glance at Table 74 will show 
that increase in initial pressure, other conditions remaining the same, 
results in increased theoretical efficiency. This increase is so marked 
that engineers are considering the possibilities of employing pressures 
far above any now in use. There is no question but that working 
pressures as high as 600 pounds per sq. in. abs. will necessitate radical 
departure from the present type of boiler and may involve costs which 
are prohibitive, but the present tendency is toward the higher pressures. 
The design of engines for high pressures is not a difficult one since 
pressures as high as 800 pounds per sq. in. abs. are used successfully 
in Diesel engines. Several steam turbine plants are now under con- 
struction in which initial pressures of 350 pounds gauge and tempera- 
tures of 650 deg. fahr. are to be used, but until actual operating data 
are available no conclusions can be drawn as to the ultimate commer- 
cial economy effected by this practice. With the ordinary type of 

TABLE 74. 

THEORETICAL EFFICIENCY. 

Rankine Cycle. 

Initial Temperature Constant (600 Deg. Fahr.). 


Initial Pressure, 

Lb. per Sq. In. Abs. 

1 

Superheat, Deg. Fahr. ^ 

Efficiency, Per Cent. 

Condensing Back Pressure 

1 Lb. Per Sq, In. Abs. 

Non-condensing Back 
Pressure 14.7 Lb. 

Per Sq. In. 

1574 

0 1 

! 

40.3 

30.6 

600 

113.4 

37.3 

26.0 

500 

132.7 

36.7 

25.0 

400 1 

155.2 

36.1 

23.7 

300 

182.5 

34.6 

22.0 

200 

218.1 

32.9 

19.7 

100 

272.2 

29.8 

15.4 
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double-flow engine the heat economy increases with the pressure up 
to the point where increased condensation losses and leakage neutralize 
the theoretical gain. This point of maximum efficiency varies with 
the size and type of engine and the grade of w^orkmanship. 

Fig. 200 shows the results of tests made at the Armour Institute 
of Technology on an 8-in. by lO-in. automatic high-speed piston-valve 
engine. A marked gain will be noted up to a pressure of 115 lb. per 



Fig. 200. Influence of Initial Pressure on the Economy of a Small, High-speed, 
Non-condensing Engine. 

sq. in. gauge beyond which the gain is very small. The following 
figures show the increase in economy with increased boiler pressure 
in a consolidated locomotive engine. (Bulletin No. 26, University of 
lUinois, Experimental Station.) 

Boiler pressure, lb. per sq. in.. . 120 140 160 180 200 220 240 

Steam per i.hp-hr., lb 29.1 27.7 26.6 26.0 25.5 25.1 24.7 

A small Willans engine, non-condensing, gave results as follows: 

Initial pressure, lb. per sq. in.. . 36.3 51.0 74.0 85.0 97.0 110.0 122.0 

Steam per i.hp-hr., lb 42 8 36.0 32.6 29.7 26.9 27.8 26.0 

The uniflow engine offers possibilities for high pressures which are 
very promising but the art, at least in America, is still in an experimental 
stage. Tests on 100 hp. condensing engines by Lentz gave the following 
results: 


Initial steam pressure, lb. per sq. in. abs. 235 461 

Initial temperature, deg. fahr 923 1018 

Steam consumption, lb. per i.hp-hr. 6.52 5.67 

Heat consumption, B.t.u. per i.hp-minute 162 144 
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The range of pressures sanctioned by modern practice for different 
t\^es of engines is as follows: 


Type of Engine. 

Range in Pressure 
(Gauge) 

Average, 

Simple slow-speed (standard type) 

60-120 

90 

Simple kigh-speed (standard t}pe) . 

70-125 

100 

Simple, unifiow (condensing) . . 

125-225 

175 

Compound high-speed, non-condensing 

100-180 

150 

Compound high-speed, condensing 

100-180 

150 

Compound slow-speed, condensing . . 

125-200 

170 

Triple expansion, condensing . ... 

140-250 

200 

Quadruple expansion, condensing . 

175-300 

250 

1 


Higher Steam Pressures: R. Cramer, Trans. A.S.M.E , Vol. 37, 1915, p. 697. 

High Pressure Steam for Superheating: Power, Dec. 28, 1915, p. 892. 

180 . Increasing Rotative Speed. — High rotative speed does not 
necessarily mean high piston speed. An 8-in. by 10-in. engine running 
at 300 r.p.m. has a piston speed of only 500 feet per minute, whereas a 
36-m. by 72-in. Corliss running at 60 r.p.m. has a piston speed of 720 
feet per minute. The classification ^^high speed’’ and ^Gow speed” 
refers to rotative speed only, the former above and the latter below, 
say 150 r.p.m. 

On account of the reduction of thermodynamic wastes, a high-speed 
engine should give theoretically a higher efficiency than the same 
engine at a lower speed, all other conditions being the same. The effect 
of speed upon economy is decidedly marked in engines and pumps 
taking steam full stroke. For example, tests of a 12-in. by 7J-in. by 
12-in. simplex direct-acting steam pump at Armour Institute of Tech- 
nology showed a steam consumption of 300 pounds per i.hp-hcur at 
10 strokes per minute, and only 99 pounds at 100 strokes per minute. 
(See Figs. 381 and 382.) 

Tests of engines using steam expansively, however, do not furnish 
conclusive evidence on this point, some showing a decided gain (Pea- 
body, ''Thermodynamics,” p. 425), others little or no gain (Barrus, 
"Engine Tests,” p. 260). For example, a small Willans engine showed 
an increase in economy of 20 per cent in increasing the rotative speed 
from 111 to 408 r.p.m. (Peabody, "Thermodynamics,” p. 402), whereas 
the compound locomotive at the Louisiana Purchase Exposition showed 
a loss in economy for the higher speeds (Publication by the Pennsyl- 
vania Railroad Company), On the other hand, a comparison of the 
performances of high- and low-speed Corliss engines shows little differ- 
ence in economy, and a general comparison between high- and low- 
speed engines furnishes little information, since nearly all high-speed 
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engines are of a different class from the low-speed ones. High-speed 
engines are comparatively small in size, require larger clearance volume^ 
and are usually fitted T^ith a single valve. Rotative speed is Bmited by 
design^ material, workmanship, and cost of subsequent maintenance. 
Speeds of 400 r.p.m. and more are not unusual with single-acting 
engines, whereas 300 r.p.m. is about the limit for double-acting machines 
vnth strokes over 12 inches in length. A comparison of tests of high- 
speed and low-speed engines in this counti^^, irrespective of design and 
construction, shows the former to be less economical than the latter in 
most cases. In Europe high-speed engines are developed to a high 
degree of efficiency, and their performances are comparable with the 
best grade of loTV-speed engines. 

High-speed engines as a class have the advantage of being more 
compact for a given power, are simple in construction and relatively 
low in fiLrst cost; on the other hand, they are subject to comparatively 
rapid depreciation, excessive vibration, and are less economical in 
steam consumption. 

181 . Becreasing Back Pressure Iby Condensing. — The effect of the 
condenser upon the power and economy of engines is indicated in Table 
75. The curves in Figs. 201 and 202 were plotted from tests made by 
Professor R. L. Weighton on a 7, 10|, 15| by 18-in. triple-expansion 
engine at Durham College of Science, Newcastle-on-T 3 me. The 
straight line shows how the mean effective pressure would vary with 
the degree of vacuum if the power increased directly with the reduction 
in back pressure. The curved line shows the actual m.e.p,, which 
increases almost along the theoretical line up to a 10-inch vacuum, 
from which point on the increase is less marked. At 26 inches the 
actual m.e.p. reaches an apparent maximum. These figures are not 
applicable to all engines but give a good idea of the limitation of the 
vacuum with the average type of reciprocating engine with restricted 
exhaust port openings. With specially designed ports and passages 
of large cross-sectional area the piston engine shows increase in steam 
economy up to the highest va^cuum carried in the condenser. (See 
Power, Jan. 16, 1912, p. 72.) 

The gain in steam consumption due to the condenser does not indi- 
cate a corresponding gain in heat consumption. For example, Engine 
No. 2, Table 75, shows an apparent gain in steam consumption, due 
to condensing, of 12.5 per cent, the temperature of the feed water 
returned to the boiler being 120 deg. fahr. With a suitable heater the 
exhaust of the non-condensing engine would be capable of heating the 
feed water to 210 deg. fahr. The non-condensing engine should there- 
fore be credited with 210 — 120 or 90 heat units per pound of steam 
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used, or, in round numbers, 9 per cent. The difference between 12.5 
per cent and 9 per cent, or 3.5 per cent, represents the net gain in favor 
of condensing, pro\ided the power necessary" to create the vacuum is 
ignored. Actually, the steam consumption of the condenser pumps 
might be equal to or greater than 3.5 per cent of the steam generated 
and the net gain becomes zero or even negative. Referring to Fig. 
202, plotted from tests of the 7, 10|, 15| by 18-in. triple-expansion 
engine mentioned above, the curves show the feed-water consumption 
per i.hp-hour and the heat units consumed per brake horsepower per 
minute measured above the hot-well temperature. The engine effi- 
ciency, based upon the "water consumption, increases as the vacuum 
increases, reaching a maximum between 26 and 28 inches, whereas the 
heat-unit curve gives the maximum between 20 and 21 inches. Be- 
tween 22 and 28 inches the heat-unit curve shows a rapid falling off 
in economy. Tests of the 5500-horsepower engine at the New York 
Edison Company's Waterside Station showed that increasing the 
vacuum from 25.3 to 27.3 inches decreased the water rate only 0.06 
pound per i.hp-hour. (Power, July, 1904:, p. 424.) The results are 
illustrated in Fig. 220. In most cases, and particularly with large 
compound engines, the net gain due to condensing is considerable, but 
the feed-water temperatures and power consumed by the auxiliaries 
should be taken into account. 


TABLE 75. 

EXAMPLES OF THE EFFECT OF CONDENSING ON THE ECONOMY OF SMALL 
RECIPROCATING ENGINES. 


Reference 

Number. 

Non-Condensingr. 

; Condensing. 

Increase Due 
to Condensing. 

Initial Gauge 
Pressure. 

Horse Power 
Developed. 

Steam Con- 
sumption, 
Pounds per 
H.-P. Hour. 

Initial Gauge 
Pressure. 

Back Pressure, 
Pounds per 
Square 

Inch Abs. 

Horse Power 
Developed. 

Steam Con- 
sumption, 
Pounds per 
H.-P. Hour. 

In Power, 
per Cent. 

In Economy, 
per Cent. 

1 i 

147 

54.7 

19.2 

149 

1.6 

83.4 

14.8 

52.5 

25 

2 

148 

540 

19.3 

147 

4 


16.9 


12.5 

3 

126 

83 i 

23.8 

130 

7.4 

116 

19.1 

39.8 

19.7 

4 

67.6 

209 i 

28.9 

67 

4.5 

213 

22 

1.9 

23.5 

5 

103.8 

177.5 

22.1 

103.8, 

1.2 

155 

16.5 

* 

25.1 

6 

114 

160 

31 

114 


168 

27 

2 

12.9 

7 

96 

120 

23.9 

96 

4 

145 

19.4 

20.8 

18.8 

8 

118 

267 

23.24 

119 

4.2 

276.9 

16 

3.7 

31 

9 

75.9 

310 

25.6 

79 

6.4 

336 

; 20.5 

8.7 

19.9 

10 

62.5 

451 

30.1 

63.6 

7.8 

444 

1 23 


23.6 

11 

186.7 

40.4 

18.7 

184.6 

1.6 

29.8 

12.7 

* 

32 


Cut-off chaugegl for best economy.. 
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18^. Siii>ei*h©atiiig. — • The theoretical gain due to the use of super- 
heat is comparatively small as will be seen from Table 76. Consider- 
ing the additional expense of equipment and maintenance of super- 
heating apparatus the ultimate gain would appear to be a negative 
quantity. Practically, however, the heat economy of the piston 
engine is greatl}" increased by superheating. This apparent anomaly 
is due to the fact that the theoretical engine is assumed to operate 
in a non-conducting cycle and no condensation takes place except in 
doing work, whereas, in the actual mechanism the cylinder is far from 
being non-conducting and considerable initial condensation takes place. 
The reduction of cylinder condensation due to the use of superheated 
steam is the principal reason for the marked gain in economy of the 
actual engine. The greater the cylinder condensation the larger is the 
saving possible. As a rough approximation the steam consumption 
is reduced about 1 per cent for every 10 deg. fahr. increase in super- 
heat but the actual value depends upon the type and size of engine 
and the initial condition of the steam. In American practice super- 
heat corresponding to a total steam temperature of 650 to 700 deg. 
fahr. appears to be the limit of commercial economy but in Europe 
temperatures as high as 900 deg. fahr. have been employed with 
apparent ultimate economy. 


TABLE 76. 

THEORETICAL EFFICIENCIES AND WATER RATES. 


Rankine Cycle — Superheated Steam. 
Initial Pressure 200 Lb. Per Sq In Abs. 


Superheat, 

Deg. Fahr. 

Efficiency. 

Water Rate. 

Condensing.* 

Non-condensing. 

Condensing.* 

Non-condensing- 

0 

31 88 

18.60 

6 94 

13.44 

50 

32 03 i 

18.71 

6.72 

12.96 

100 

32 24 

18.92 

6.52 

12 49 

150 

32 49 

19 18 

6.34 

12.03 

200 

32 77 

19.51 

6.16 

11.57 

250 

33 09 

19.89 

5.98 

11.10 

350 

33 81 

20 76 

5.67 

10 20 

400 

34.20 

21.25 

5.48 

9.77 

500 

35.04 

22.12 

5.16 

9.00 


* Absolute back pressure 0.5 lb. per sq. in. 


Table 83 gives test results for several different types of engine em- 
ploying superheated steam. These figures may be compared with the 
performances of engines using saturated, steam as given in Tables 81 and 
82, A decided gain in economy is shown in favor of superheat for single- 
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cylinder engines. Witii compound engines the advantage is not so 
apparent j while triple-expansion engines show the least gain. Tables 
83 to 85 show the effect of superheating on simple, compound and triple- 
expansion engines. Some idea of the wonderful fuel econoni}^ effected 
in Europe with the use of higlily superheated steam in connection with 
the so-called locomobile is gainedXrom the results shown in Table 80. 
This tj'pe of engine has not yet been introduced to any extent in this 
country but it is only a matter of time w^hen the cost of coal will advance 
to such a point as to preclude all but the more economical types of prime 
movers. 

As far as steam consumption is concerned, all engines sho^w greater 
economy with superheated than with saturated steam, but the thermal 



gain is not so marked, and when the economy is measured in dollars 
and cents per developed horsepower, taking all things into consideration 
the gain is still further reduced and in some cases completely neutralized. 
First cost, maintenance, and disposition of the exhaust must all be 
considered in determining the ultimate commercial gain due to the use 
of superheated steam. 

Fig. 205 gives the results of a series of tests made on a number of 
Beiliss & Morcom engines using superheated steam. (Pro. Inst, of 
Mech. Engrs., March, 1905, p. 302.) The engines were from 200 to 
1500 kilowatts capacity and were tested at full load. It is noticeable 
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that the cun-es all converge to a single point and will meet at about 
400 deg, fahr. The results show that if sufficient superheat is put into 
the steam all engines of w'hatever size are equally econoinical. 

These curves though strictly applicable to the specific cases cited 
are more or less general and represent the influence of superheat on all 
types of piston engines. 



Indicated Horse Power 

Fig. 207, Comparative Water Rates of a Corliss Foxir-valve and a Poppet Four- 
Valve, High-speed Engine. 

183 . Jackets. — If the walls of the cylinder are made double and 
the space between is filled with live steam under boiler pressure, the 
cylinder is said to be steam jacketed. The function of the jacket is 
to reduce initial condensation by maintaining the temperature of the 
internal walls as nearly as possible equal to that of the entering steam. 
The heat given up by the jacket steam, and the resulting condensa- 
tion, is usually a smaller loss than would otherwise result from cylinder 
condensation. However, tests of numerous engines with and without 
steam jackets do not agree as to the conditions under which their use 
is profitable, the apparent gain ranging from zero to 30 per cent. 
According to Peabody, a saving of from 5 to 10 per cent may be made by 
jacketing simple and compound condensing engines, and a saving of 
from 10 to 15 percent by jacketing triple expansion engines of 300 horse- 
power and under. On large engines of 1000 horsepower or more the 
gain, if any, is very small. (Peabody, ''Thermodynamics,^^ p. 400.) 

Other things being equal, the smaller the cylinder and the lower the 
piston speed the greater is the value of the jacket. Experiments show 
no advantage in increasing the jacket pressure more than a few pounds 
above that of the initial steam in the cylinder, and it is usual to reduce 
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of the iiicomiag steam is condensed. With superheated steam an 
equivalent heat exchange takes place. 

In the uniflow engine the steam enters at the end of the cylinder as 
in the double-flow type but it is exhausted from the center at the fur- 



Fig. 210. Section throngih Cylinder of a Skinner “Universal” Uniflow Engine. 

thest point from the heads. (See Fig. 208.) Consequently the cylinder 
heads are exposed to exhaust temperature only for the very small length 
of time that it takes the piston to uncover the ports. Furthermore, 
the heads are jacketed with live steam (and in some designs the entire 
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Fig. 211. Performance of 19-inch, by SO-inch C. & G. Cooper Co.'s Uniflow 

Engine. 
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cylinder) so that on the return stroke the steam at exhaust temper- 
ature and pressure is compressed against the hot surfaces of the cylinder 
head; thus when the admission valve opens the incoming steam meets 
no cold surface and cylinder condensation is largely prevented. The 
result is that a wide pressure and temperature range can be allowed 
in a single cylinder with good economy. In fact the heat consumption 

of a uniflow engine operat- 
ing condensing is equal to 
that of a compound Corliss. 

For ordinary non-con- 
densing service the econ- 
omy is no better than 
that of a high-grade single- 
cylinder poppet-valve en- 
gine for the same operat- 
ing conditions. This is due 
primarily to the harmful 
effects of the excessive 
pressure resulting from 
compression or to the 
methods employed for re- 
ducing this pressure. In 
the typical uniflow engine 
of low clearance volume^ 
compression begins as soon 
as the piston covers the 
exhaust ports (correspond- 
ing to approximately 90 

Fig. 212. Guarantee and Test Performance of a ^ ^ ^ 1*0 m); an 

21-iach by 22-inch Uniflow Engine. . moderate or low vacua 

the resulting pressure at 
the end of compression is equal to or less than that at admission, but 
with high back pressure as in non-cond^sing service it may be greatly in 
excess. To prevent this excessive rise in compression for non-condens- 
ing service American manufacturers either increase the clearance volume 
(Ames Stumpf ^‘Unaflow’’ engine and C & G. Cooper Co. “Uniflow^^ 
engine) or employ an auxiliary valve which delays compression (Uni- 
versal ^^Unaflow^^ engine). For high initial pressures the clearance 
volume may be reduced with a resulting increase in economy. In case 
the vacuum is lost when operating condensing, compression pressure 
may be relieved by an adjustable snifting valve (Fig. 208) or by means 
of the auxiliary valve mentioned above. Some idea of the economy 
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TABLE 77. 

OPERATING PERFORMANCE OF A 33-IN BY 36-IN. C. & G COOPER CO.’S UNIPLOW 

ENGINE 

1. Engine, C. & G. Cooper Co., rated output 640 i.hp. or 440 kw. at switchboard 

2. Cylinder 33 in. by 36 in. Piston rod, head end, 5] in. diameter; crank end, 5; m, diameter, 

3. Clearance, head end 4 per cent, crank end 3 5 per cent 

4. Boiiera, Heine Boiler Co., rated at 200 hp each. 2tXK) sq. ft. heating surface. Dean shaking grates 

hand fired. Grate area 39.6 sq. ft. 

Auxiliaries, Dean Bros. Surface condenser and pumps. 1400 sq. ft. cooling surface m condenser. 

5. Date, April 25 and 26, 1914. 


6. No, of run 

1 

2 

3 

4 

' 5 

6 

1 7 

S 

! 9 

7. Duration mm. 

; 191 

' 62 

112 

' 71 

! 103 

1 53 

1 60 

52 

30 

8. Barometric pressure, 

(aj in of mercury 

: 29 34 

1 29 35 

; 29 36 

29 40 ! 29 48 

29 48 

29 50 

1 

1 29 50 

29 50 

(b) lbs per .sq. in, . 

1 14 39 

14 40 

i 14 40, 14 42 

14 4S 

14 48 

14 4£ 

' 14 49 

14 49 

9, Steam pressure in sup- 
ply pipe lb 

1 161 60 

1 

1 162 oOi 163 90 

: 161 20 

158 50 

154 20 

145 60 

125 30 

127 50 

10. Vacuum referred to 30 
in. barometer 
(a) at engine .. in. 

! i 

23 4S: 22 671 22 55 

20 98 

23 56 

19 15 

23 26 


(b) in condenser in. 

24 61 

24 34 

' 24 18 

23 77 

24 18 

23 27 

23 32 

24 35 

23 S3 

11. Temperature of steam 
at engine deg. fahr. 

408 5 

422 1 

415 0 

423 1 

410 2 

423 1 

412 1 

381 3 

373 3 

12, Superheat at engine, 

deg fahr. 

37 2 

50 4 

42 8 

52 3 

40 3 

55 3 

48 5 

28 3 

19 1 

13. Temperature of con- 
densed steam in meas- 
uring tanks deg. fahr. 

106 

no 

113 

122 

96 

126 

92 

83 


14. Temperature of cooling 
water entering con- 
denser deg. fahr. 

76 9 

77 2 

73 4 

72 2 

74 5 

70 2 

77 2 



15. Temperature of cooling 
water leaving condenser, 
deg, fahr. 

88 6 

88.4 

87 4 

91 5 

82 9 

90 7 

79 6 



16. Temperature of engine 
room deg fahr. 

80 

78 

SO 

80 

79 

81 

86 



17. Steam used by engine 
during run lb. 

26201 

10041 

20156 

16086 

10070 

16068 

4070 

2002 

362 

18 Steam used by engine 
per hr. lb. per hr. 

8230 

9722 

10798 

13594 

5866 

18190 

4070 

2280 

725 

19, R p.m. of engine , 

124 96 

124 43 

123 92 

123 47 

125 52 

124 23 

124 50 

124 04 

124 20 

20. Piston speed of engine, 
ft. per min. 

749 76 

746.58 

743 52 

740 82 

753.12 

747 00 

745 38 

744 24 

745 20 

Power as Measured at 
Switchboard. 

21. Volts . . 

242 5 

243 7 

243 7 

244 5 

243 7 

244 7 

244 7 

i 

245 7 i 


22. Amperes 

1048 

1212 

1354 

1583 

794 

1959 

535 

270 


23. Kilowatts by watt- 
meter . ... kw. 

440 8 

513 3 

555 1 

669 2 

336 3 

815 5 

239 2 

123 2 


24. Steam used by engine 
under actual conditions 
of operation, lb per kw-hr. 

18 67 

18 94 

19 45 

20 31 

17 44 

22 31 

17 02 

18 57 


Heat Data. 

25. Heat units in each lb. 
of steam supplied B.t.u. 

1108 

nil 

1106 

1103 

1110 

1093 

nil 

1098 


26. Total units supplied per 
hr. per kw., 

B.t.u. per kw-hr. 

20680 

21060 

21510 

22400 

19360 

24400 

18900 

20380 


27 Thermal efficiency ra- 
tio between heat equiv- 
alent of kw. at the 
switchboard, and heat 
units supplied in the 
steam per kw. . 

16 5 

16 2 

15 9 

15 3 

17 6 

14 

18 

16 8 

[ 

28. Heat units which 
would be obtained by 
perfect (adiabatic) ex- 
pansion from initial to 
final pressure per lb., 

B.t.u, 

227 

272 

271 

258 

275 

243 

267 

267 


29. Heat units per kw., 

B.t.u. per kw. 

5170 

5150 

5270 

5250 

4800 

5430 

4560 

4960 


30. Rankine cycle ratio, 

per cent 

66 2 

66 3 

64.8 

65 1 

71 2 

63.0 

75.0 

68.9 
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effected by the American tj’pes of uniflow engine is shown in Fig. 212. 
In Europe the uniflow engine has been developed to a very high point of 
efficiency and exceptional heat economies have been recorded. Aside 
from the high efficienc}^ in a single cylinder a characteristic feature of 
the uniflow engine is the capacity for heav}"' overloads and low under- 
loads with a flat water rate curve (Fig. 211). 

The cylinder diameter of the uniflow engine is larger than that of 
an equivalent single cylinder non-condensing engine; but it is smaller 
than the low-pressure cylinder of an equivalent compound engine. 

It is difficult to predict the extent to which the uniflow engine will 
replace the double-flo'w type, but if the claims of the builders are sub- 
stantiated it will prove a formidable competitor of both the compound 
piston engine and turbine at least for sizes ranging between 200 and 
2000 horsepower. 

187. Use of Binary Vapors. — A consideration of the Carnot or 
Rankine cycles shows that theoretically the efficiency of the steam 
engine may be increased by raising the temperature of the steam sup- 
plied or by lowering the temperature of the exhaust, that is to say, 
by increasing the range. Superheated steam development has prac- 
tically determined the upper limit, and economical practice indicates a 
vacuum of about 26 inches, corresponding to 126 deg. fahr., as the 
average lower limit for most efficient results from a commercial stand- 
point. 

In the binary-vapor engine the working range has been considerably 
increased by substituting a highly volatile liquid, as sulphur dioxide, 
for the water which is ordinarily used as the cooling medium in the 
surface condenser. 

The *S02 in condensing the exhaust steam is itself vaporized and the 
vapor, under a pressure of about 175 pounds per square inch, used 
expansively in a secondary reciprocating engine. The exhausted SO 2 
is discharged into a surface condenser in which it is liquefied by cooling 
water much the same as in refrigerating practice and used over and 
over again. Referring to Fig, 213, which illustrates diagrammatically 
a binary-vapor engine at the Royal Technical High School, Berlin: 
A, B, and C are the three steam cylinders of an ordinary triple-expan- 
sion engine and D the SO 2 cylinder. All four cylinders drive a common 
crank shaft E. F is a high-pressure surface condenser which acts as 
a vaporizer for the SO 2 and a condenser for the steam. G is a surface 
condenser which serves to condense the SO 2 vapor. J? is a liquid SO 2 
tank. The operation is as follows: Highly superheated steam enters 
the high-pressure steam cylinder at 1 and leaves the low-pressure 
cylinder at /, just as in any steam engine. The exhaust steam enters 
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chamber F and is condensed by the liquid SO2 passing through the 
coils. The condensed steam and entrained air are removed from the 
chamber by a suitable air pump. The steam in condensing gives up 
its latent heat to the liquid SO3 and causes it to vaporize. The SO2 



Outlet 

Fig. 213. Diagram of Binary-vapor Engine. 

vapor passes from the coils in chamber F to the SO2 engine D and 
performs work. The exhausted SO2 vapor flows from cylinder D to 
chamber G, and is condensed by cooling water flowing through a series 
of tubes. The liquid SO2 is collected in liquid tank H and thence is 
pumped into the coils in vaporizer F. The approximate temperatures 
and pressures at different points of the cycle are indicated on the dia- 
gram. 

A number of experiments made by Professor E. Josse in the labora- 
tory of the Royal Technical High School of Berlin on an experimental 
plant of about 200 horsepower gave some remarkable results. A few 
of the tests made with highly superheated steam gave the following 


average figures: 

I.hp. (steam end) 146.4 

Steam consumption per i.hp-hour 12.8 

I.hp. (SO 2 end) 52.7 

Percentage of power of SO 2 engine 35.9 

Steam consumption per i.hp-hour of combined engine 9.43 


When operating under the most satisfactory conditions a perform- 
ance of 8.36 pounds of steam per i.hp-hour was recorded, correspond- 
ing to a heat consumption of 158.3 B.t.u. per minute. While this is an 
exceptional performance better results have been obtained with the 
uniflow engine and high-grade poppet-valve engine of the double-flow 
type. The binary-vapor engine has not proved to be a commercial 
success because of the high first cost and high maintenance charge. 
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SO 2 does not attack the metal surface of the engine unless combined 
with water, in which case sulphurous acid is formed. There is, how- 
ever, no danger from this cause, since the SO 2 being undei greater 
pressure effectually prevents leakage of water into the b 02 system. 

The SO 2 cylinder requires no other lubrication than the SO 2 itself, 
which is of a greasy nature. 

Properties of SO^u Trans. A.S.M E., 25-181. Binary-vapor Engines: Jour. Frank. 
Inst June, 1903; Elec. World and Engr., Aug. 10, 1901; U. S. Cons. Reports, 
No. 1139, Sept. 14, 1901; Engr. U. S., Aug. 1, 1903; Sib. Jour, of Eng., March, 1902. 

188. Types of Piston Engines. — A general classification of the vari-‘ 
ous types of engines used in steam power plant operation is unsatis- 
factory because of the overlapping of the various groups and the fol- 
lowing modifications of a chart devised by Hirshfeld and Ulbiicht 
(“Steam Power,"' p. 92) is merely offered as a general summary of the 
different nomenclatures used in connection with this class of prime 


mover. 

Rotative speed basis 
Longitudinal axis basis 

Valve gear basis 

Steam expansion basis • 

Steam flow basis 

Operating basis 


High speed Jtatio of stroke to 
Medium speed (jjametcr basis 


f Low speed 

' Vertical 
Inclined 
[ Horizontal 


Cylinder 

Arrangement 


Slide valve 


fD-slidc valve 
J Balanced slide valv(i 
I Multiportod slide valve 
I Piston valve 
Corliss valve j Drop cut-off 
Poppet valve 1 Positively operated 
r Single expansion or single engine 
J ( Compound 

1 Multi-expansion engine < Trir)lc 

( Quadruple 


( Short stroke 
i Long strok(^ 

Single cylinder 
Tandem (jompound 
Cross compound 
Duplex 

Angl(‘ compound 


{ Double flow 
TJnifiow 

I Initial pressure 
Back pressure 


Crank mechanism 
basis 

( High pressure 
< Medium pressure 
( Low pressure « 
j Condensing 
( Non-condeoBing 


(Standard 
I liacJc a(iting 
j Trunk 
lOscillating 


No attempt will be made to doBcribc the various typos m outTmed 
in this chart further than that incident to the (EscuHsion of ilmr r{da(ive 
merits for power plant service. 

189 . HIgJh-speed Single-valve Simple Engines. — This style of cmgino 
is made in sizes varying from 10 to fjOO horsepower, llie (?ylind(^r 
dimensions vary from 4-in. by 54u. to 24-in. by 24-in. and thei rotative 
speed from 400 to 175 r.p.m. 
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When ground is limited or costly and exhaust steam is necessary 
for heating or manufacturing purposes, the high-speed non-condensing 
engine is most suitable for horsepowers of 200 or less, being compact, 
simple in construction and operation, and low in first cost. For sizes 
larger than this the compound or uniflow engine may prove a better 
investment, except in cases where fuel is very cheap or large quantities 
of exhaust steam are to be used for manufacturing purposes. 

Small high-speed engines are seldom operated condensing, since the 
gain due to reduction of back pressure is more than offset by the extra 
cost of the condenser and appurtenances. 

Engines are ordinarily rated at about 75 per cent of their maximum 
output. For example, a 12-in. by 12-in. non-condensing engine running 
at 300 r.p.m., with initial steam pressure of 80 pounds gauge, is normally 
rated at 70 horsepower, though it is capable of developing 90 horse- 
power at the same speed. 

The steam consumption of high-speed single-valve non-condensing 
engines at full load ranges from 26 to 50 pounds per indicated horse- 
power-hour, depending upon the size of the unit and the conditions of 
operation. An average for good practice is not far from 30 pounds. 
With superheated steam a steam consumption as low as 18 pounds 
per horsepower-hour has been recorded. 

Table 81 gives the steam consumption of a number of single-valve 
high-speed engines running condensing and non-condensing, and Fig. 
215 shows some of the results for different loads. The steam consump- 
tion is fairly constant from 50 per cent of the rated load to 25 per cent 
overload, but for earlier loads the economy drops off rapidly. The 
desirability of operating the engine near its rated load is at once ap- 
parent. The curves show a marked economy in favor of the larger 
cylinders, but the engines arc not of the same make, and the conditions 
of operation are somewhat diffei^ent. 

The most economical cut-off for a simple engine is about one-third 
to one-fourth stroke when running non-condensing, and about one- 
sixth when running condensing. 

The performances given in Table 81 are exceptional. It is not ad- 
visable to count on a better steam consumption for this type of engine 
than 30 to 35 pounds of steam per i.hp-hr. 

The curves in Fig. 214 give the performance of a modern, high-grade, 
unjacketed, 15-in. by 14-in., high-speed, single-valve, simple, non- 
condensing engine at various ratings. It is not likely that this type 
and size of engine can bo designed to better the results shown in the 
curves for the given conditions. 

in general j when the requirements for exhaust steam are in excess of the 
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Pig. 216. Typical Economy Curves of nigh-Hpeod, Singlivvalvo, Noii-eoivdonwing 
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steam consumption of a simple non-condensing engine a high-grade eco- 
nomical engine is without purpose. 

1^0* High-speed Miilti-valve Simple Engines. — The steam distribu- 
tion in a single-valve engine may give good economy for a very small 
range in load but may be far from satisfactory for a wide range. This 
must necessarily be so since admission, cut-off, release, and compression 
are all functions of one valve, and any change in one results in a change 
of the others. To obviate the limitations of the single valve, many 
builders design engines with two or more valves. With a two-valve 
engine cut-off is independent of the other events, and with four valves 
all events are independently adjustable. In addition to the flexibihty 
of the valve gear, the chief feature of the four-valve engines lies in the 
reduction of clearance volume which is made possible by placing the 
valves directly over the ports. The valves may be of the common 
slide-valve, or rotary type. As a class, four-valve engines are more 
economical than those having a less number of valves. The advantages 
and disadvantages of the four-valve over the single-valve engines may 
be tabulated as below. 

Advantages. 

1. Better steam distribution. 

2. Better regulation. 

3. Reduced clearance volume 

4. Less valve leakage. 

5. Better economy. 

The steam consumption of a high-speed Corliss non-condensing 
engine at full load varies from 21 to 27 pounds of saturated steam per 
i.hp-hr. (pressure 125-140 lb. gauge) with an average not far from 25 
pounds. With superheated steam the water rate may run as low as 
17 lb. per i.hp-hr. The poppet-valve type appears to be more eco- 
nomical in steam consumption than the Corliss, and a water rate for 
saturated steam as low as 18.9 lb. per i.hp-hr. has been recorded. A 
very high degree of superheat can be used with the poppet-valve type 
and water rates as low as 16 lb. per i.hp-hr. (initial pressure 150 lb. 
gauge, superheat 250 deg. fahr.) are not unusual. The high-speed, four- 
valve engine is usually operated non-condensing. Rankine cycle cfBcien- 
cies over 80 per cent have been realized with both saturated and super- 
heated steam. An exceptional record for a condensing unit is reported 
by Lentz. With steam at 461 lb. abs. initial pressure and steam tem- 
perature of 1018 deg. fahr. a 100-hp. Lentz unjacketed simple engine 
developed an indicated horsepower on a steam consumption of 5.67 lb. 
per hour. 


Disadvantages. 

1. Increased number of parts. 

2. Increased first cost. 

3. Requires greater attention. 
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Fig. 216 gives a comparison between a single-valve and a four-valve 
(Corliss type) high-speed engine, using saturated steam, and though the 
engines differ slightly in size, the conditions of operation were com- 
parable and the marked gain in economy of the latter over the former 
is apparent. Both performances are exceptional, and a 10 to 15 per cent 
greater steam consumption may be expected in average good practice. 

As a general rule single- valve simple engines do not exceed 500 horse- 
power in size for stationary work, whereas 1000 horsepower is not an 
uncommon size for the multi-valve type. 



in. Meilwm and Low-speed Multi-valve Simple Euglues* — A com- 
parison of tests of high- and low-speed singkvvalvo (’ingiiu'.H irrespcHd-ivo 
of design and construction shows the former as a class t*o bo less (eco- 
nomical than the latter. With four-valve engines thevne is no suceh dis- 
parity, and the high-speed type has shown just as good mmomy as the 
slow-speed class. 

Of the various types of simple, low- or mediurn-specHl, four-valve (ui- 
gines the poppet-valve appears to bo the more (Kjonomic^al in. luwvt con- 
sumption, but so much depends upon the grade of workrnimship that 
general comparisons are apt to lead to error. A comparison of thc^ stioam 
consumption of a high-speed, four-valve Corliss and a four-valve poppet 
engine, non-condensing, is shown in Fig, 207, Tlic dm and initial 
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pressure are somewhat in favor of the poppet-valve mechanism so 
that the results are not strictly comparable but the exceptional economy 
of both types is apparent from the curves. 

The following table taken from the report of Prof. Edw. E. Miller of 
the Massachusetts Institute of Technology gives the results of a 
Fitchburg Prosser single-cylinder, four-valve, jacketed, non-condensing 
engine which establishes a record for a small simple machine of the 
double-flow type using saturated steam. 


TABLE 78. 

ECONOMY TESTS OF A 15-IN. BY 24-IN FITCHBURG-PROSSEH ENGINE. 

Non-condensins 


Test No 

1 

2 

3 

Barometer, inches .... 

29 5 

29.32 

29.32 

Boiler pressure gauge, lb . 

124 5 

121.6 

101.5 

Degrees superheat, fahr 

R.p.m 

86.7 

81 05 

0.999* 
82 Oi 

0 999* 
80.09 

Indicated horsepower . 

64.84 

48 74 

54 39 

Steamt per i.hp-hr ... 

10 59 

19 07 

20.46 

B.t.u. per i.hp. per minute 

291.0 

317.0 

341 0 

Rankine cycle ratio, per cent 

81 05 

82.04 

80.09 


^ Quality'. t Includes jacket condensation. 


The low-speed multi-valve aiugle-cyliuder unit ranges in size from 
50 to 3000 horsepower with cylinders varying from 12-iii. by 30-in. 
to 48-in. by 72-in. The smaller sizes with trip gear operate at 90 to 
120 r.p.m. and the larger at 50 to 100 r.p.m. Without trip gear, speeds 
of 150 r.p.m. are not uncommon but at this speed they are usually 
classified as high-speed engines. 

A few exceptional performances of this type of engine for saturated 
steam are given in Table 81. For results with superheated steam sec 
Table 83. 

m. Compound Engines. — It should be borne in mind that the prin- 
cipal object of compounding is to permit the advantageous use of high 
pressures and large ratios of expansion and consequently this type of 
engine need not be considered for pressures lower than 125 Ih. per sq. 
in. gauge. This docs not signify that 125 lb. is the fimiting pressure 
for compounding; on the contrary, compound condensing engines with 
initial pressures as low as 90 lb. have shown better heat economy than 
simple engines of the same capacity, but the thermal gain for these low 
pressures is usually more than offset by fixed charges and other practical 
considerations. In general, compounding increases the steam econ- 
omy at rated load from 10 to 25 per cent for non-condensing engines 
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and from 15 to 40 per cent for condensing engines. Compound engines 
range in size from the 100-hp. tandem, single-valve, automatic, high- 
speed, non-condensing unit to multi-valve, cross-compound condens- 
ing units of 4000 hp. or more. Compound engines have been built, 
and are still operating, up to 10,000 hp. rated capacity but the steam 
turbine has practically superseded the piston engine for sizes larger 
tha.Ti 2000 hp. High-grade compound engines of the full poppet-valve 
type with superheated steam are more economical in steam consump- 
tion at rated load than steam turbines of the same capacity, but first 
cost, size, maintenance and attendance are decidedly in favor of the 



Fig. 217. Comparison of a Simple and Compound Slick'-valvt^ I^jngino. 


turbine, at least for sizes over 2000 hp. Low rotative speed and re- 
versibility, however, are points in favor of the engine, but fornnu* 
may be offset by the turbine in connection with suitable reduction 
gearing. 

With saturated steam the water rate of the standard typo of singhv 
valve compound non-condensing engine ranges from 22 to 27 lb. p(U' 
i.hp-hr. at rated load. Since this type of engine permits of only a 
moderate amount of superheat the water rate wiiL superlunitcMl steam 
is seldom less than 20 lb. per i.hp-hr. Condensing under a stiandard 
vacuum of 26 inches reduces the water rate approximately 20 p(^r cemt. 

The four-valve compound non-condensing engine has a full loael 
water rate, with saturated steam, ranging from 17 to 22 lb. pcT i.hp-hr., 
and with superheated steam an economy as low as 12 lb, pea* iJip-lir. 
has been recorded. Rankine cycle efficiencies as high as 83 per cent 
have been realized for both saturated and superheated stc^am. 

So much depends upon the initial pressure, degree of vacuum and 
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initial temperature that general figures for condensing practice are 
without purpose. A few special cases are listed in Tables 81 and 86, 
With saturated steam the best performances are in the neighborhood of 
75 per cent of the theoretical RanMne cycle efficiency, while with highly 
superheated steam 90 per cent of the RanMne cycle efficiency has been 
realized. 

A number of exceptional performances are illustrated in Figs. 218 
to 221. 



300 400 500 600 700 ‘ 800 900 1000 1100 1200 1300 1400 

Indicated Horse Power 


Fig. 218. 



Pig. 219. Economy Teat of the 5500-horacpowcr Three-cylinder Compound Engine 

and Generator. 
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Fig. 220. Performance of 5500-horsepower Engine under Variable Rccuuving Prt^s- 
sures and at Different Vacua. 

193 . Triple and Quadruple Expansion Engines. — Triple and quadruple 
expansion engines are still in use where the load is practically coustantf, 
as in marine and pumping-station practice, but have been abandoned 
in street-railway work where the load fluctuates widely in favor of tlie 
steam turbine or the two- or three-cylinder compound. Some idcMi of 
the economy effected by triple-expansion pumping engines may 1)C 
gained from Table 79. A 1000-hp. Nordberg quadruplci expansion en- 
gine driving an air compressor at the power plant of the Ghainpion 
Copper Co. is credited with a water rate of 11.23 lb. of saturated steam 
per i.hp-hr., initial pressure 257 lb. gauge. This engine opcu'al-cs in 
the ^^regenerative cycle'’ (see paragraph 4:00), and thci steam consump- 
tion is equivalent to 169.3 B.t.u. per i.hp. per minute and the actual 
thermal efficiency 25.05 per cent.* 

194. The Locomobile. — Although classified under steam engines’’ 
the term “locomobile” applies to the complete pc)W(‘.r plant and not 
to the engine only. In Europe this iype of plant has Ixxui dcwdoptul 
to a high degree of efficiency, and with very high superhemd stcxmi (xm- 
sumptions as low as 6.95 lb. per i.hp-hr. have bo(ui nx^ordcxl, (Corre- 
sponding to a coal consumption of 0.75 lb. coal pox l)rake hp-hr. The 
American typo of locomobile is not designed for suporheat abov(^ 250 
deg. fahr. and the best ccconomies are in the noigliborhood of 1 lb. of 
coal per brake hp-hr. 


* TraiiH. A.S.M.E., vol. 28, p, 221. 
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TABLE 79. 

ECONOMY OF MODERN VERTICAL TRIPLE-EXPANSION PUMPING ENGINES. 


(Ofi&cial Trials.) 


Date of 
Test. 

Type. 

Location. 

Rated 
Capacity, 
Millions 
of U.S. 
Gallons. 

i 

Initial 

Gauge 

Pressure. 

Duty 

Per Thou- 
sand Lb. 
of Dry 
Steam. 

Per i 
One 
Million 
B.t.u. 

Dry 

Steam 

per 

I.b.p. 

Hour. 

5- 2-09 

Holly 

Louisville, Ky 

24 

155.1 

*195.0 

164 5 

*9.64 

3-10-10 

Holly 

Frankfort, Pa 

20 

180.2 

184.4 



4-29-10 

Holly 

Albany, N. Y 

12 

153.0 

182.1 



10-14-09 ' 

Holly 

Brockton, Mass. . . 

6 

150.0 

170.0 



12- 5-07 

Holly 

Cleveland, Ohio 

2.5 

149.6 

164.6 

U8.S 

11.51 

5- 2-00 

Allis 

Boston, Mass 

30 

185.5 

178.5 

163.9 

10.33 

2- 4-06 

Allis 

St. Louis, Mo. . . . 

20 1 

140.6 

181.3 

158.8 

10.66 

2-26-00 

Allis 

St. Louis, Mo. . . . 

15 ; 

126.2 

179.4 

158.1 

10.67 

1-15-10 

Allis 

Milwaukee, Wis. . . 

12 

124.6 

175 4 

151.0 

10.82 


* 109 degrees F. superheat at throttle. 


Date of 
Test. 

Type. 

R.P.M 

Water Actually 
Pumped, Mil- 
lions of U.S. 
Gallons 24 Hr. 

Net Head 
Pumped 
Against, Lb. 
per Sq. In. 

Indicated 

Horse 

Power. 

Developed 

Horse 

Power. 

Thermal 
Efficiency 
Per Cent. 
I.h.p. 

5- 2-09 

Holly 

24.0 

24.111 

90.0 

925.7 

879.4 

22.54 

3-10-10 

Holly 

20.1 

21.219 

95.7 


817.0 


4-29-10 

Holly 

22.3 

12.193 

139.5 


726.0 


10-14-09 

Holly 

40.1 

6.316 * 

130.6 


334.0 


12- 5-07 

Holly 

62.3 

2.142 

180.7 

158.7 

151.9 

i9A3 

5- 2-00 

Allis 

j 17.7 

30.314 

61.0 

801.5 

747.8 

21.63 

2- 4-06 

Allis 

16.5 

20.070 

104.0 

859.2 

839.6 

20.92 

2-26-00 

Allis 

16.4 

1 15.121 

127.0 

801.6 

726.3 

21.00 

1-15-10 

Allis 

20.4 

12.430 

121.0 

673.0 

618.0 

20.25 


Fif;. 221 shows a longitudinal section through a Buckeye-mobile, 
illustrating a well-lmown American design of locomobile. The entire 
plant is self-contained and requires very little floor space. The engine, 
of the compound center crank type, is set upon the boiler with cylinders 
projecting into the “smoke-box” so as to minimize piping and radiation 
losses. Steam is generated in an internally fired tubular boiler at a 
pressure of 225-275 lb. per sq. in. gauge and is superheated to a total 
temperature of 600-700 deg. fahr. Exhaust steam from the high-pressure 
cylinder is reheated by an auxiliary superheater (adjoining the main 
superheater) before it enters the low-pressure cylinder. The feed 
water is heated by an economizer or reheater placed in the breeching. 
The condenser is of the jet type and is provided with a rotary air pump. 
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Surface condensers are installed where conditions necessitate this type. 
All auxiliaries are driven by the main engine. Buckeye-mobiles are 
made in nine sizes ranging from 75 to 600 horsepower, rated capacity, 



Fig. 221. Longitudinal Section through a Buckeycsmobile. 


for belt drive or gearing. For direct-connected electric service the 
sizes range from 50 to 400 kilowatts. 

These small plants give over all economies reached only by large 
central stations. 

Fig. 222 shows the performance of a 150-hp. Buckeycvmobik^ under 



Fig. 222. Economy Test of 15()-horaepowor Buckcyc-mohilc^. 


various load conditions. Initial pressure 220 lb. gauges, vacAiuni 25 
in. referred to 30 in. barometers. 

The remarkable economy effected in Europe is shown in Table 80. 
1 %. notary Engines. — The rotary engine differs from the rcHiip- 
rocating engine in that the piston, or equivalent, rotaic^s about tln^ 
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TABLE 80. 

A REJ^IARKABLE ENGINE PERFORMANCE.* 
200, 400 X 400 mm. Locomobile. 

(7.8, 15.7 X 15.7 in.) 


Num- 
ber of 
Test. 


Initial Pres- 
sure, Lb 
per Sq. In. 
Abs. 


Condenser 
Pressure, 
Lb. Abs. 


Steam Temperatures, Deg, Fahr. 


Entering 

Leaving 

Entering 


High- 

High- 

Low- 

Final Feed 

pressure 

pressure 

pressure 

Water. 

(Cylinder. 

(Cylinder. 

Cylinder 



Condensing with Intermediate Superheating. 


1 i 

220 

1.47 


Saturated. 


242 i 

236 


227 

1 17 

712 

377 

462 

212 

241 

3 

220 

1.17 

718 

367 

460 

206 

242 

4 

221 

1 17 

806 

426 

530 

221 

246 

5 

220 

1.17 

842 

469 

538 


243 

6 

220 

1.17 

872 

520 


24i 

243 


Non-condensing without Intermediate Superheating. 


7 

220 


832 


462 

289 

237 

8 

220 


856 


505 

284 

238 

9 

221 


878 


527 

284 

242 

10 

220 

.... . . 

869 


572 

257 

241 

11 

220 


817 


525 

248 

241 

12 

221 


878 


568 

259 

241 


* Compiled from Zeit. des Ver. deut. Ingr., June, 1911. 


No. of 
Tost. 



Mechanical 

Steam Consumption, 
Pound.s. 

Coal Burned, 

Heat Consump- 
tion B.t.u. per 
LHp. per 
minute.* 

LHp. 

D.Hp. 

Bflicioncy, 
Per Cent. 

Per I.Hp- 
hr. 

Per D.Hp- 
hr. 

Lb. per D.Hp- 
hr. 

1 


Condensing with Intermediate Superheating. 


1 

112.5 

103.2 

91.6 

13.98 

14.19 

1.59 

260 

2 

138.4 

132.8 

06.0 

8.51 

8.87 

1 00 

198 

3 

140.3 

131.4 

03.5 

8.33 

8.90 

1.00 

195 

4 

140.4 

133.4 

95 0 

7 68 

8.00 

0.96 

186 

5 

138.8 

132.5 

95.5 

7.24 

7.66 

0.87 

175 

6 

141.8 

134.0 

94 5 

7.15 

7., 66 

0.86 

175 


Non-condonaing without Intermediate Superheating. 


7 

61.. 6 

49.3 

78.0 

11.22 

14.43 

1.65 

262 

8 

83.8 

74.0 

88.0 

10.60 

11.84 

1.17 

249 

0 

111.0 

98.5 

88.0 

9.95 

11.38 

1.12 

237 

10 

129.9 

120.8 

93.0 

10.00 

10.88 

1.07 

238 

11 

140.4 

132.2 

94.0 

10.68 

11.34 

1.12 

248 

12 

142.1 

132.4 

93.0 

9,93 

10.66 

1.05 

235 


Above ideal food-water temperature corresponding to exhaust pressure. 
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cylinder axis. Its operation is entirely different from that of the 
steam turbine; in the rotary engine the static pressure of the steam 
actuates the piston and in the turbine the momentum of the steam is 
imparted to the rotating element. 

Over 2200 patents have been issued to date on rotary engines but 
not a single machine has yet been able to compete with the leciprocat- 
ing engine as regards steam economy. The advantages of the rotaiy 
engine are many and for this reason innumerable inventors have been 
exerting their skill in the development of this type of prime movei, 
but unfortunately the impracticability of satisfactorily packing the 
rubbing surfaces has more than offset the advantages and the com- 
mercially successful machine is yet to be found. 



Fia. 223. Herrick Hotary 


The writer has tested out various typos of rotary stnam cuiginos, and 
the best has been but a poor competitor of the ordinary grades of 
ciprocating mechanism. 

One of the most successful rotary engines is illustirat.CHl In Fig. 223. 
The device consists essentially of two rotors in rolling (jont^nd., iho 
upper one containing a recess which serves as a stx^am inkdi and allows 
the piston on the lower rotor to pass, while the lowcjr oiu^. (jontains the 
piston and transmits the power to the shaft. In fundanumtal prin- 
ciple it is not unlike many other rotary enginc^s in thal» l.hc^ power m 
applied directly to the shaft by the expansion of stoain bcdiind a rotary 
pistol). The synchronous movement of the two rot,ors is maini.ained 
by means of two timing gears on the far side of the casing. The cnirvas 
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in Fig. 224 are based upon the tests made by Professor Pryor of Stevens 
Institute of a 20-horsepower engine of this design, initial pressure 150 
pounds gauge, atmospheric exhaust, steam dry and saturated. 



Fig. 224. Performance of Rotary Engine. 

196. Throttling vs. Automatic Cut-Off. — The action of the gov- 
ernor in the throttling engine is shown by the superposed indicator 
cards (Fig. 225) taken between zero or friction load and maximum 
load. The effect of throttling is to reduce the pressure during admis- 



Fig. 225. Typical Indicator (3ards. High-Bpeed Throttling Engine. 

sion, but docs not change the point of cut-off or other events of the 
stroke. The steam may be partially dried or even superheated by 
throttling, thus tending to reduce cylinder condensation. Initially dry 
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saturated steam at a pressure of 125 pounds gauge would be super- 
heated about 12 degrees in expanding through a throttle to 90 pounds, 
or if it contained initially 2 per cent moisture would be perfectly dried 
in expanding to 40 pounds. Friction through the valve also tends to 
dry the steam. Thus with very light loads the superheat may be 
appreciable. The possible gain due to decreased cyhnder conden- 
sation is to some extent offset by incomplete expansion. The best 
efficiency for a given load is realized by a proper compromise between 
cut-off and initial pressure. Experiments made by Professor Denton 
(Trans. A.S.M.E., 2-150) on a 17-in. by 30-in. non-condensing double- 
valve engine showed the most economical results with 4 cut-off for 
90 pounds pressure, f cut-off for 60 pounds, and foi 30 pounds. 
The average throttling engine does not give close regulation, the governor 
usually lacking sensitiveness. Tests show the economy to be better 
than that of the automatic engine on light loads, and the crank effort 
more uniform. 

The indicator cards shown in Fig. 226 were taken from a single- 
valve high-speed automatic engine operating between friction load and 
maximum load. The mean effective pressure is adjusted to suit ilic 
load by the automatic variation in the cut-off, the initial pressure 



Fig. 226. Typical Indicator Cards. High-speed Aufcotnati(‘. Kugin(\ 

remaining the same. Since the cut-off is controlled by the iwdloii of 
the governor on the single valve, all other events of the strokes arc^ like- 
wise changed. With a four-valve engine the variation in cut-off clocks 
not affect the other events. 

The chief advantage of the automatic over the throttling engine li('.s 
in its sensitive regulation, and while, in general, it gives a lower stc‘iiin 
consumption than the throttling engine, this is probably in most cases 
due to superior construction and not to the method of gowuiiing. 

The following performances of a BclliBS 250-horBcpower high-speed 
condensing engine fitted with both automatic and throttling govc^rning 
devices give results decidedly in favor of the throttling engine. (Fro. 
Inst, of Mech. Engrs., 1897, p. 331.) 
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Automatic Cut-Off. 

Throttling. 

Percentage of load . 

100 

62 5 

i 

33 

25 

100 

62.5 

33 

25 

Electrical horsepower. . 

213 

132 

77 8 

53 

213 

132 

77.8 

53 

Steam per i.hp-hour. . 

22 5 

22 9 

28 5 

34 3 

21 

21.7 

25.6 

28.4 


Some of the comparative advantages and disadvantages of the auto- 
matic and throttling engines are as follows: 

Automatic. Throttling. 

Advantages. 

Sensitiveness of regulation, 1. Low first cost. 

Increased ratio of expansion. 2. Crank effort more uniform. 

Low terminal pressures. 3. Reduced cylinder condensation. 

4. Simplicity of regulating device. 

Disadvantages. 

1. Increased cylinder condensation. 1. Low ratio of expansion. 

2. Greater variation in crank effort. 2. High terminal pressure. 

3. Complicated valve gear. 3. Low initial pressure at early loads. 

4. Low economy at very early loads. 

Fig. 227 shows the relative steam consumption of an engine under 
the same conditions of load when controlled by variable expansion and 
by throttling. Suppose this en- 
gine to be altered in capacity so 
that the m.e.p. referred to the 
low-pressure piston is about 32, 
then the steam consumption with 
the throttling governor will be 
as shown by straight line A. 

This shows that between 32 and 
12 pounds m.e.p. very little is 
gained by a variable expansion, 
and below that load the throttled 
governor is the more economical. 

(Power, Feb. 21, 1911, p. 301.) 

m. Selection of Type. — Modern operating conditions are so diversi- 
fied and at the same time so specialized that the selection of the type 
best suited for a proposed installation is an increasingly dijGhcult prob- 
lem. That engineers are not agreed as to the best practice is evidenced 
by the different types of engines selected for practically identical oper- 
ating conditions. General rules arc without purpose since each par- 
ticular installation is a problem in itself. Floor space, capacity, cost 
of fuel) water rate, steam pressure, water supply, load characteristics, 



Fio. 227. Throttling vs. Automatic Cut-off. 


1 . 

2 . 

3. 
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exhaust steam requirements^ size of foundation, vibration, first cost, 
attendance and maintenance all govern the selection of type. The 
principal factor governing the size of units is the station load curve 
or rather, load curves. Where these load curves are known the problem 
is a comparatively simple one, but when they must be assumed as is 
generally the case with a new project, it is largely a matter of experience. 

How to Select Prime Movers for Industrial Electrical Electric Generating Plants: 
Eng. Mag., Aug., 1916, p. 705. 

Economic Selection of Prime Movers: Power, Oct. 12, 1915, p. 511. 

198. Cost of Engines. — The cost of engines like any other commodity, 
varies with the price of raw material, cost of labor, design and grade of 
workmanship. Even a list of current prices is subject to discount in- 
cident to competition. Consequently data of this nature can only be 
of a very general nature and must be used accordingly. Specific 
figures should be obtained from builders if accurate comparisons are to 
be made between the various types for actual installation work. Prices 
per rated horsepower range from $4.00 to $25.00 and per pound from 
5 to 15 cents. The more economical engines are generally higher 
priced. The following rules are based on average costs and should not 
be used except for rough estimates. 

Simple high-speed engine (7 = 300 4- 8 X i.hp. 

Compound high-speed engines C = 1 ()()() -p 15 X i.hp. 

Simple low-speed engines 1000 -p K) x i.hp. 

Compound low-speed engines C ^ 2000 -f- 13 x i.hp. 

Other rules given in this connection by difhu-cint authorit/ic^s arc as 
follows : 

Simple high-speed engines (/ = 435 T . 5 X i.Iip. 

Simple non-condensing Corliss C -= 700 + 10 x i.hp. 

Compound high-speed Corliss « 500 10.5 ^ 1 

Compound Corliss engines C ^ 1800 4- 13.0 X i.hp. 

C — cost in dollars, f.o.l). shipping j)oint. 

i.hp. = rated indicated horsepowen*. 

Cost of setting high-speed engine = (>0 4- 0.75 X i.hp. 

Cost of setting low-speed engine = 500 -f- 1.3 X i.hp. 



TABLE 81. EXAMPLES OF STEAM-ENGINE ECONOMY. SIMPLE ENGINES, DOUBLE FLOW, SATURATED STEAM. 
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md engine. t Combined efficiency of engine and generator. 
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^TEAM AND (X)AL SAVING IN A COMPOUND ENGINE, CONDENSING, OF 250 I.H.P. WITH SUPERHEATED STEAM AT 

DIFFERENT TEMPERATURES. 

Preas. 10 atm. = 142.23 lbs.; temp, of sat, steam 354 deg. F.; cut-og 6 per cent; piston speed 10 It per see.; automatic cut-off; 4 poppet or piston valves per cyl. 
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TABLE 86. 


WATER RATES OF PISTON ENGINES AT VARIABLE LOADS. SATURATED STEAM.* 


Indicated Horse- 

Pounds Steam per Indicated Horsepower Hour at 

power. 

Full Load. 

Three-quarter Load. 

One-half Load. 

One-quarter Load. 


A. Automatic Single- cylinder Non-condensing. Initial Pressure 125-Lb. Gauge: Cut-off 1. 


80 

29 42 

29 93 

31 66 

37 08 

100 

28.96 

29 40 

31.04 

36 00 

125 

28 47 

28 84 

30 42 

35 10 

150 

28.12 

28.46 

29 95 

34.38 

200 

27.51 

27 81 1 

29 25 

33.20 

300 

26.64 

26 75 

27.97 

31 68 


B. Medium-speed Four- valve Non-condensing. Initial Pressure 130-lb. Gauge: Out-off 


200 

23 45 

23 05 

24.75 

35.00 

350 

23.03 

22.54 

24.07 

33 79 

500 

22 61 

22.06 

23 45 

32.73 

650 

22 24 

21 67 

22 92 

31.71 

800 

22 00 

21.40 

22.57 

30.91 

900 

21 90 

21.31 

22 44 

30.48 


C, Automatic Tandem-compound Non-condensing. Initial Pressure 140-lb. Gauge: Cylinder Hutio 

4 to 1. Cut-off 


100 

24 04 

25.00 

29.54 

43.84 

150 

22.94 

23.82 

28.00 

41.40 

200 

22 36 

23.19 

27 19 

40.46 

250 

21 98 

22 75 

20.65 

39.1-3 

350 

21.48 

22.18 

25.96 

38.01 

450 

21 27 

21.92 

25 61 

37.45 

D. Same as C but Condensing. Vacuum 20-in. 

150 

20.25 

21.51 

26.00 

27. 82 

300 

19 10 

20.12 

24.10 

33.90 

400 

18.55 

19.45 

23.11 

32.07 

500 

18 15 

18.93 

22.44 

30.90 

600 

17 92 

18.67 

22.08 

30.20 

700 

17.83 

18.55 

21.91 

29.95 


jE?. Four- valve Medium-speed Compound Non-condoiiHing. Initial ProHHure 150-lb. Gauge; Cylinder 
Ratio 4 to 1: Cut-off L 


300 

19.71 

21.74 

26.82 

39.54 

450 

19.20 

21 10 

2.').!)0 

27. KO 

600 

18.91 

20.66 

25.20 

35.46 

750 

18.74 

20.41 

24.73 

35.31 

850 

18.68 

20.22 

24.55 

34.81 

950 

18.66 

20.20 

24.48 

34.47 


P. Same as B but OondonHing. Vacuum 2«-in, 


300 

15.42 

15.30 

17.20 

24. ( K ) 

500 

14.74 

14.60 

16.45 

22.47 

700 

14.29 

14.10 

15.78 

2 J .30 

900 

13.97 

13.76 

15.34 

20.48 

1100 

13.73 

13.61 

15.02 

10.94 

1300 

13.56 

13.33 

14,83 

10.66 

1500 

13.49 

13.23 

14.71 

10.52 


* Guaranteed performance of a well-known line of kigli-gmde piaton onilnoi. 
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PROBLEMS 

1. A 40-hp. non-condensing piston engine tises 500 lb. of saturated steam per hour 
when running idle and 1600 lb. per hour when operating at full load; initial pressure 
115 lb. abs. Draw the unit water rate curve assuming that the total water rate 
follows the ^‘Willans” straight-line law. 

2. A 15-inch by IS-inch poppet-valve engine uses 18.8 lb. steam per i.hp-hr. at 
rated load, initial pressure 145 lb. absolute; back pressure 0 lb. gauge; initial quality 
99 per cent; release pressure 4 lb. gauge; mechanical efficiency at rated load 91 per 
cent. Required (on both i.hp. and br.hp. basis): 

a. Heat consumption per hp-hr. 

b. Thermal efficiency, per cent. 

c. Rankine cycle ratio, per cent. 

d. Cylinder efficiency, per cent. 

3. The Rankine cycle ratio of a compound poppet-valve engine is 90 per cent at 
full load; initial pressure, 150 lb. abs.; temperature of steam at admission, 450 deg. 
fahr.; back pressure 16.1 lb. abs. Calculate the full load water rate, lb. per i.hp-hr. 

4. If the exhaust from the engine in Problem 3 is used for heating purposes, re- 
quired the full load water rate, lb. per i.hp-hr. chargeable to power. 

5. A simple engine indicates 160 horsepower on a dry steam consumption of 31 
lb. per i.hp-hr.; initial pressure 130 lb. abs., back pressure 0 lb. gauge. By short- 
ening the cut-off, and by reducing the back pressure to 4-inch mercury (referred to a 
30-inch barometer) the water rate is reduced to 22 lb. per i.hp-hr., the load remaining 
the same. If the condensing equipment requires 10 per cent of the steam supplied 
to the engine for its operation, required the net gain or loss in heat consumption 
per i.hp-hr. due to condensing. 

6. Which is the more economical from a heat consumption standpoint, a simple 
non-condensing engine using 26 lb. dry steam per i.hp-hr., initial pressure 100 lb. 
absolute, or a compound condensing engine using 12 lb. steam per i.hp-hr., initial 
pressure 290 lb. abs., superheat 350 deg. fahr., back pressure 2-inches mercury? 
Which is the more perfect of the two? 

See also Problems at end of Chapters XXII-XXIV. 
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STEAM TURBINES 


199 . Classification. — The development of the steam turbine during 
the past decade has been truly remarkable. So rapid has been the 
growth that many turbines representative of the best practice four 
years ago are virtually obsolete to-day. Because of the almost radical 
changes from year to year it is practically impossible to keep the de- 
scriptive features of a textbook strictly in accord with current practice, 
and the subject matter must necessarily be of a general nature. 

Steam turbines are now being used for driving alternating-current 
generators, turbo-compressors, pumps, blowers and marine propellers, 
and, by means of gearing to furnish power for reciprocating air com- 
pressors, rolling mills and other classes of slow-spc^ed machinery. Al- 
though the reciprocating engine will probably continue to bci an impor- 
tant factor in the power world for years to come, its field of usc^fulness 
is being gradually limited by the steam turbine. The steam turbine 
has found favor chiefly on account of its low first- cost-, low maintenance 
cost, small floor-space requirements and low cost of att.endan(^e. 

A general classification of steam turbines is unsatisfact-ory because 
of the overlapping of the various groups, and tlu^. following cha-rt- is 
offered merely as a guide in arranging a few w(dl-kuown turbines ac;- 
cording to the fundamental principles involvcid in their op(‘, ration. 


f Impulse 


Single Velocity. | De Laval 
r Terry. 

Multi- velocity J Hturtewant. 

Stage. I (kirtiH (Small TypcO . 

lWeHtinghouH(‘ ' 


Singki-velocity 

Stage. 


( Kerr. 

< De Laval 
C Eatc^au. 


1 


Single- 

pn^HHure 

Stages 


Steam J 
Turbines ] 


Reaction. 


Combined 
Impulse and 
, Reaction. 


Multi-vcilocity 

Stage. 




hirtiH, 


j Multi-v<docity 
1 S<,ag<i. 

( Multi-velocity 
I Stage. 


WcHtingbouHo- 
ParHouH. 
AUiH-( Jh aimers- 
ParHOUH. 

Westinghouso 


Multi- 

prtvsHure 

Htagti. 
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As shown in the preceding chart, all turbines may be divided into 
three general classes, (1) impulse, (2) reaction, and (3) combined im- 
pulse and reaction, though strictly speaking all turbines depend more 
or less upon both impulse and reaction for their operation. 

Impulse Type: 

In the impulse type the steam is expanded by suitable means and the 
heat given up by the pressure drop imparts velocity to the jet itseM. 
The jet impinges against the vanes of a rotating wheel and gives up its 
kinetic energy to the wheel. If the entire pressure drop takes place in 
one set of nozzles and the resulting jet is directed against a single wheel 
the turbine is classified with the single-stage single-velocity group. The 
velocity of the jet is very high, from 2000 to 4000 feet per second, and 
for satisfactory economy the peripheral velocity of the wheel must also 
be very high, from 700 to 1400 feet per second. The De Laval “Class 
A” turbine is the best-known example of this group. 

If the entire pressure drop takes place in a single set of nozzles and 
a single wheel is to be used at a comparatively low speed satisfactory 
economy may be effected by compounding the velocity. That is, the 
jet issuing from the nozzle at a very high velocity is reflected back and 
forth from the vanes on the rotor to a series of fixed reversing buckets 
until all of the available kinetic energy of the jet has been imparted 
to the wheel. The Terry single-stage turbine is representative of this 
group. 

Low peripheral velocity and high efficiency may be obtained by 
pressure compounding; that is, expansion takes place in a series of 
successive nozzles instead of one nozzle. Only a part of the available 
heat energy is converted into kinetic energy in each set of nozzles. For 
each set of fixed nozzles there is a corresponding rotor. This type of 
turbine is to all intents and purposes a series of single-velocity impulse 
turbines placed side by side. The Kerr turbine is representative of 
this group. 

By compounding both velocity and pressure we have the multi-velo(?ity 
and pressure type of which the Curtis turbine is the best-known example. 

Reaction Type: 

In the reaction type the conversion of potential to kinetic energy 
takes place in the moving blades as well as in the fixed blades. Only a 
very small portion of the heat energy imparts velocity in the first set of 
fixed blades or nozzles. The jet issuing from this set of nozzles impinges 
against the first set of moving blades at a velocity substantially that of 
the moving blades so that it enters them without impulse. The moving 
blades arc proportioned so that partial expansion takes place within them 
and the resulting increase in velocity exerts a reaction upon the moving 
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blades. The expansion is very gradual and a large number of alternately 
fixed and revolving blades are necessary to effect complete expansion. 
Because of the small pressure drop in each stage low peripheral veloc- 
ities are possible with high over-all efficiency. The Westinghouse and 
AUis-Chalmers designs of the Parsons turbine are the best-lmowii ex- 
amples of this type. 

Combined Impulse and Reaction Type: 

In this class the high-pressure elements are of the impulse type and 
the low-pressure elements of the reaction type. The Westinghouse- 
Parsons double-flow high-pressure turbine is typical of this class and 
is virtually a combination of the Curtis and Parsons designs. Several 
European impulse turbines as recently designed are fitted with reaction 
blades adjacent to the nozzles, showing the tendency to merge the 
different fundamental types. 

Turbines may be classified according to the service for which they arc 
intended, as 

High-pressure non-condensing, 

High-pressure condensing, 

Low-pressure, 

Mixed-pressure, 

Bleeder. 

Each of these types is discussed later on in the chapter. 

Recent Developments in Steam Turbine Practice: Mcch. Engr., Jan. 2(>, 1912. 

The Present State of Development oj Large Steam Turbines: Jour. A.S.M.E., May, 
1912. 

The Steam Turbine: Engng., Doc. 29, 1911. 

Status of the Small Steam Turbine: Power, Jan. 2, 1912. 

200. General Elementary Theory. — A given weight of ntcam at a 
given pressure and temperature occupies a certain known volutnc and 
contains a known amount of heat energy. If the stcatn is pcM’inittcxl t-o 
expand to a lower pressure without receiving additional li(',at or giving 
up heat to surrounding bodies it is capable of doing a certain amount 
of work which will be the same whether the expansion takevs phuK^ in 
the cylinder of a reciprocating piston engine, a rotary piston engine, or 
the nozzles and blades of a steam turbine. 

Let W = weight of steam, lb. per see., 

E - energy given up by 1 lb. of steam, ft-lb., 

Pi = initial pressure, lb. per sq. in. abs., 

Pn = final pressure, lb. per sq. in. abs., 

Hi - initial heat content per lb., B.t.u,, 

En == final heat content per lb., B.t.u. 
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Then the heat drop, or heat available for doing useful work, is 

W (Hi - Hn) B.t.u. (152) 

If the steam expands against a resistance, as, for example, the piston 
of a reciprocating engine, the energy given up in forcing the piston for- 
ward may be expressed 

El = 777.5 W {Hi - Hn) ft-lb. (153) 

If the steam expands within a perfect nozzle the energy will be given 
up in imparting velocity to the steam itself, thus: 

E2 = w'^ ft-lb., (154) 

in which ^ 

Vi = velocity of the jet in feet per second. 

If the velocity of the jet is retarded to Vn feet per second, as by placing 
a series of vanes in its path, then the energy given up to the vanes 
(neglecting all losses) is 

y,2 __ y 2 

E ( 155 ) 

2g 

If the kinetic energy is completely absorbed by the vanes (neglecting 
all losses), then Fn = 0 and the energy given up is 

E3=W 1 ^'- ( 156 ) 

ButjBi = Ez. Hence, 

777.5 W {Hi -Hn) = W^> 

from which 

Vi = 223.8 VHi - Hn.* (157) 

If there are n pressure stages, then the theoretical stage velocity is 

Vi' = 223.8 • (158) 


The jet issuing from the nozzle is capable of exerting an impulse 
equal to F upon any object in its path, thus: 

WVi 

F = ^ lb. (169) 

g 

If A = the area of cross section of the jet in square feet, and y = 
weight of steam, pounds per cubic foot, then W = yAFi, or 

F = lb. (160) 

g 

* For most purposes it is sufficiently accurate to make 223.8 = 224. 



428 


STEAM POWER PLANT ENGINEERING 


The reaction, R, of the jet against the nozzles is equal in value and 
opposite in direction to the impulse, or 


= Eh = ihht. 

9 9 


(161) 


The theoretical horsepower developed by a jet of steam flowing at 
the rate of one pound per second may be expressed 


„ _ E _ Vi^ - VJ 
550 2gX 550’ 

in which 

Vi = initial velocity of the jet, ft. per sec., 

Vn = final velocity of the jet, ft. per sec. 

Steam consumption per horsepower hour: 


^1 = 


3600 

Hp.‘ 


(162) 


(103) 


Heat consumption, B.t.u. per horsepower, per minute: 


Wx (Hi - q .) 

60 


(104) 


in which 


qn = heat of the liquid corresponding to temperature of the exhaust 
Pn. 


Impulse efficiency of the jet = equation (155) -4- equation (156) 


Ei 




(165) 


Thermal efficiency (Rankinc cycle) : 


Rankine cycle ratio : 


-// 

H\-q 


E 


2540 


(166) 

(167) 


Equations (152) to (167) arc general and are applicable to all turbines 
of whatever make. 

The more important types of turbines will be disciussod wsparatcly 
and an application of above equations will be made in each specific case. 


Heal Dro'p in Steam Turbines: Trans. A.H.M.E., Vol. 33, p. 325, 19tl; Engr., 
Mar. 8, 1912; U.S. Bureau of Standards, Eopriiit No. 167, 1911. 



429 



Fia. 228 . De Laval Turbine, “Class A,” Single Stag( 
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;8©1. The Be La¥al Turbine. — Fig. 228 shows a section through a 
De Laval steam turbine and gear case and illustrates the principles of 
the single-stage impulse’’ type. The turbine proper, to the right of 
the figure, consists of a high-carbon steel disk C fitted at the periphery 
with a single row of drop-forged steel blades and inclosed in a cast-steel 
casing. The disk is secured to a light flexible shaft and is of such a 
cross section that the radial and tangential stresses throughout its mass 
are of constant value. A flexible shaft is employed which allows the 
wheel to assume its proper center of rotation and thus to operate like 
a truly balanced rotating body.* The shaft is supported by three, 
bearings, P, K, and I. I is self-aligning and carries the greater part 
of the weight of the disk. Z is a flexible bearing, entirely free to 
oscillate with the shaft, and its only function is to seal the wheel casing 

against leakage. The power 
is transmitted through a steel 
helical pinion Z' mounted on 
the extension of the turbine 
shaft E, to two large gears Af, 
M reduction in speed of 
about 10 to 1. The blades, 
Fig. 229, are made with a bulb 
shank and fitted in slots milled 
in the rim of the wheel. The 
flanges, at the outer end of 
the blades, are brought in 
contact with each other and 
calked so as to form a continuous ring. The inlet and outlet angles of 
the blades are made alike and are 32 degrees for smaller siises ancl 36 
degrees for larger sizes. 

The operation is as follows: Steam enters the steam chest i), Figs. 
228 and 230, through the governor (shown in detail in Fig. 231) and is 
distributed to the various adjustable nozzles, varying in number from 
1 to 15 according to the size of turbine. In the earlier types the nozzles 
were uniformly distributed around the circumference, but^ in the later 
types are arranged in groups. As illustrated in Fig. 230 thc^, nozzles are 
placed at an angle of 20 degrees with the plane of the disk. The steam 
is expanded adiabatically in the nozzles to the existing back pressure 
before it impinges at high velocity against the blades. Afl-er giving 
up its energy the steam passes into chamber W, Fig. 228, and out 
through the exhaust opening. Fig. 231 gives the details of the governor 

* The shaft diameter for a 100-horscpowcr turbine is but 1 inch and for a 300- 
horsepower turbine approximately 115 inches. 
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and vacuum valves. Two weights B are pivoted on knife edges A 
with hardened pins C bearing on the spring D. E is the governor body, 
fitted in the end of the gear-wheel shaft K, and has seats milled for the 
knife edges A. The spring seat D is held against pins A by spiral 



Fig. 231, De Ijaval Governor for Single-stage Turbine. 


concentric springs, the tension on which is adjusted by a milled nut L 
When the speed exceeds the normal, centrifugal force causes the weights 
to fly outward and overcome the resistance of the springs. This pushes 
pin G against bell crank L, which in turn closes the double-seated valve, 
thus throttling the supply of steam. To prevent racing in case the 
load is suddenly removed the vacuum valve T is added to the governor 
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mechanism. Its operation is as follows: The governor pin Q actuates 
the plunger H under normal conditions without moving the plunger 
relative to the bell crank. In case the load is suddenly removed, cen- 
trifugal force pushes pin G against bell crank L until it reaches its 
extreme position and the valve is nearly closed and little steam enters 
the turbine. If this does not check the speed, plunger G overcomes 
the resistance of spring Af, and H moves relative to L, and its adjustable 
projection 0 presses against valve stem T and allows air to rush into the 
turbine through passage P. 

The power of the turbine depends upon the number of nozzles in 
action, and these can be opened or closed by a hand wheel on each. 
Each nozzle performs its function as perfectly when operating alone as 
when operating in conjunction with others. 

De Laval turbines of the single-stage geared type are made in sizes 
ranging from 17 to 700 horsepower, condensing and non-condensing, 
and are designed to regulate within an extreme variation of 2 per cent 
from no load to full load. The speeds vary from 10,600 r.p.m. for the 
largest size to 30,000 r.p.m. for the, smallest, the gearing reducing these 
to 900 and 3000 r.p.m., respectively, at the shaft. The diameter of 
the wheel varies from 4 inches in the smallest turbine to 30 inches in 
the largest, thus giving peripheral velocities of from 520 to 1310 feet 
per second. 

The single-stage geared type just described is no longer manufactured 
by the De Laval Co. and the multi-velocity stage machine is used in 
its place. 

This company also manufactures a multi-pressure impulse turbine. 

Both of these types are described further on. 

Elementary Theory. — Single-wheel Single-stage Turbine- — The 
maximum theoretical power developed by a jet of steam flowing through 
a nozzle is dependent only upon ‘the weight of steam flowiixg per unit of 
time and the initial velocity. Therefore the higher the initial velocity 
for a given rate of flow the greater will be the power developed and the 
higher the efficiency. 

The maximum weight of steam discharged through a nozzle of any 
shape and for a given initial pressure is determined by the area of the 
narrowest cross section or throat. 

To obtain the maximum velocity at the exit or mouth, for a given rate 
of flow, the nozzle should be proportioned so that expansion to the 
external pressure into which the nozzle delivers shall take place within 
the nozzle itself. If expansion in the nozzle is incomplete, sound waves 
will be produced and there will be irregular action and loss of energy. 
On the other hand, if expansion in the nozzle is carried below that of 
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the external pressure at the mouth, sound waves will be produced with 
subsequent loss of energy even greater than in the former case. 

Experimental and mathematical investigations indicate that the pres- 
sure at the narrowest section of an orifice or the throat of a nozzle 
through which steam is flowing falls to approximately 0.58 of the initial 
absolute pressure (with resultant velocity of about 1400 to 1500 feet per 
second) and any further fall in pressure must take place beyond the 
narrowest section. Thus for back pressures greater than 0.58 of the 
initial (conveniently taken as f), maximum exit velocity may be ob- 
tained from orifices of nozzles of uniform cross section or with sides 
convergent. For back pressure less than 0.58 of the initial the nozzle 
must first converge from inlet to throat and then diverge from throat to 
mouth in order to obtain maximum velocity. Without the divergent 
portion of the nozzle the jet will begin to spread after passing the throat, 
and its energy will be given up in directions other than that of the 
original jet. 



Fig. 232 shows a section through a theoretically proportioned ex- 
panding nozzle. The cross section of the tube at any point n may be 
calculated by means of equation 

( 168 ) 

in which 

An = area in square feet, 

W = maximum weight of steam discharged, pounds per second, 

Sn = specific volume of the steam at pressure 
For wet steam Sn == XnUn + cr, 
in which 

Xn = quality of steam at pressure Pn after adiabatic expansion from 
pressure Pi, 

Un = specific volume of saturated steam at pressure Pn, 

<r = volume of 1 lb. of water corresponding to pressure Pn. This 
quantity is very small compared with that of the steam and 
may be neglected. 



434 


STEAM POWER PLANT ENGINEERING 


For superheated steam, see Mollier diagram, paragraph 451. 

Yn = velocity of the jet, feet per second. 

Vn may be determined from equation (157) : 

Vn = 223.8 VHi - Wn. 

By substituting i?n “ heat content corresponding to pressure Pn 
= 0.58 Pi in equations (157) and (168) the area at the throats may be 
readily determined. The cross-sectional area for other points in the 
tube may be determined in a similar manner by assigning values of 
Hn corresponding to the various pressures. 

In case of a perfect nozzle Hi — Hn represents the heat given up 
toward producing velocity by adiabatic expansion from pressure Pi 
to P„. In the actual nozzle the frictional resistance of the tube serves to 
increase its dryness fraction, but in doing so it decreases the amount of 
energy the steam is capable of giving up towards increasing its own 
velocity. If y one-hundredths of the heat H\ Hn is utilized in ovei- 
coming frictional resistance, then the resulting velocity will be 

V = 223.8 V(1 - y) {Hi - iQ. (169) 


The quality of the steam after expanding to Pn against the resistance 
will be higher by an amount 


In = increase in quality = 


vlMiszIiA, 


(170) 


in which 

Tn - heat of vaporization at pressure Pn- 


The curves in Fig. 233, calculated by means of equations (157) and 
(168), show the relationship between velocity, quality, pressure, and 
kinetic energy for all points in a theoretically perfect nozzle expanding 
one pound of dry steam per second from an initial absolute pressure of 
190 pounds to a condenser pressure of one pound. 

The curves in Fig. 234 are based upon the experiments of Gutermuth 
(Zeit. d. Ver. Ingr., Jan. 16, 1904) and show the effect of a few shapes 
of nozzles and orifices on the actual weight of steam discharged for 
various rates of initial and final pressures, the smallest section of the 
tube remaining constant. 

The nozzles of most commercial types of steam turbines are made 
with straight sides as in Fig. 230, so that only the area at the mouth 
need be determined in addition to that at the throat in order to lay 
out the shape of the tube. 

Equations (157) and (168) are general and arc applicable to steam 
of any quality, wet, dry, or superheated. 



Velocity of tlie Steam in Feet per Second 


stea:vi turbines 

THEORETICAL DESIGN OF A DIVERGENT NOZZLE 



'Fig. 233. 
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The diameter at the throat may be calculated within an error of 1 to 
2 per cent for the range of pressures usually encountered by means of 
Grashof^s formula. 

For dry or wet steam when Pn = < 0.58 Pi 

w' = (171) 

For superheated steam when Pn = 0.58 Pi 

w' = 60 ao Pi^ (1 + 0.00065 Q, (172) 

ill which 

w' = actual weight of steam discharged, lb. per hr., 
ao = area of the throat, sq. in.. 

Pi = initial absolute pressure, lb. per sq. in., 

xi = initial quality, 

ts = degree of superheat, deg. fahr. 

For back pressures higher than the critical or P^> 0.58 Pi the funda- 
mental equation (157) offers the simplest solution. Approximate results 
for this condition may be obtained by multiplying equations (171) and 

(172) by a factor K 

K = 2.182 Vc (1 - 1.19c), (173) 

in which 

c = 1 - (Pn ^ Pi). 

When a divergent nozzle having an actual expansion ratio r ( == mouth 
area -- throat area) is used for steam pressure having a ratio R { = 
mouth area throat area for pressure ratio Pn/Pt) a percentage nozzle 
mouth error is introduced of a value Ci = 100 (r — R) -- r, which may 
be positive or negative. Table 87 gives the velocity efficien(‘.y or ratio 
of probable actual exit velocity to the theoretical velocity for various 
nozzle mouth errors, assuming the correctly proportioned nozzle to 
have a velocity ejSiciency of 97 per cent. 

TABLE 87. 

Nozzle mouth error, Ci —40 —30 -20 —10 0 10 15 20 25 30 

Velocity efficiency, per cent 93.5 94.8 95.9 90.7 97 96.7 90.3 95.3 93.6 90.6 

When the actual expansion ratio of the nozzle is greater than re- 
quired, the nozzle is said to be overexpanded; when smaller, under- 
expanded. From Table 87 it appears that it is preferable to have a 
nozzle underexpanded than overexpanded. 

Moyer ('"The Steam Turbine,"' 1st Edition, p. 40) states that the 
ratio of the area of a correctly proportioned nozzle at the throat Ao to 
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the area at any point is very nearly proportional to the ratio of the 
pressure at point to the initial pressure, or 


25 

dn 


Pn 


(174) 


The entrance to the tube is rounded by any convenient curve. 

The length of the tube may be roughly approximated by the follow- 
ing formula: 

L - (175) 

in which 

L = length between the throat and mouth, in inches, 

Uo = area at the throat, square inches. 

Practice shows that the cross section of a nozzle, whether circular, 
elliptical, square, or rectangular (the latter with rounded corners), has 
very little influence on the efficiency, provided the inner surfaces are 
smooth and the ratio of the area at the throat to that of the mouth is 
correctly proportioned. The velocity efficiency of a properly propor- 
tioned nozzle with straight sides is about 95 to 97 per cent, correspond- 
ing to an euevQy efficiency of 92 to 94 per cent, so that it is not considered 
worth while to attempt to follow the more difficult exact curves. 

Example 30. Find the smallest cross section of a frictionless conically 
divergent nozzle for expanding one pound of steam per second from an 
absolute initial pressure of 190 pounds to an absolute back pressure of 
2 pounds and find six intermediate cross sections where the pressures 
will be 70, 30, 14.7, 8, 4, and 2 lb. respectively. Compare the velocity 
and energy of the jet issuing from this nozzle with those of an actual 
nozzle in which 10 per cent of the heat energy is lost in fxiction. 

From steam and entropy tables we find the values oi H, Xy % for 
absolute pressures corresponding to 190, 0.58 X 190 = 110, 70, 30, 
etc., lb. per square inch as follows (theoretical nozzle) : 



H. 

X. 

M. 

S == xtt. 

Pi - 190 

Pi = no* 
P3= 70 

P4- 30 

Pfi- 14.7 

Ps = 8 

Pt = 4 

Ps = 2 

1197 3 
1152.6 
1117.9 

1057.2 

1011.3 
947.8 
935.6 
S99.3 

1.00 

0.960 

0.932 

0.887 

0.857 

0.834 

0.810 

0.788 

2.406 

4.047 

6 199 

13.75 

26.78 

47 26 

90.4 

173.1 

2.406 

3.885 

5.775 

12.27 

22.95 

39.29 

73.2 

137.0 


* Pa 0*68 Pi (“ preaaur© at throat). 


If entropy tables or charts are not available, values Hi to Hb and 
Xi to x» must be calculated. (See Chapter XXII.) 
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The different quantities for the theoretical nozzle will be calculated 
for the exit pressure = Ps = 2 lb. per sq. in. absolute. 

Fs = 223.8 VHi - Hs 

= 223.8 Vl 197.3 - 899.3 
= 3865 feet per second. 

Pg = 778 (Hi - Hs) 

= 778 (1197.3 - 899.3) 

= 232,000 foot-pounds. 



„ 1 X 137 
3865 

= 0.0353 square foot. 

d3 = y / A = 13.56 VA 

= 13.56 VOO^ 

= 2.54 inches. 

_ Ws 

® g 

^ 3865 

32.2 

s= 120pounds< 


THEORETICAL NOZZLK 


Quantity | 

V 

Ft. per Sec. 

E 

Ft.-Lb. 

A 

Sq. Ft. 

d 

Inches. 

F 

Pounds 

Formula 

(73) 

(72) 

(76c) 


(74) 



110 

1,496 

34,767 

.00259 

0.693 

46.4 



70 

1,995 

61,853 

.00269 

0.702 

61.98 



30 

2,650 

107,485 

.00461 

0.919 

82.3 

Pressures 


14.7 

3,053 

144,742 

.00745 

1.1 

94.8 



8 

3,339 

173,207 

.0119 

1.46 

103.7 



4 

3,624 

203,968 

.0202 

1.92 

112.5 



2 

3,865 

232,000 

.0353 

2.54 

120.0 


In the actual nozzle these values will be modified because of the 
frictional losses. Thus, for = 2 lb., 

Fg = 223.8 ^(1 - y) (H, - Hs) 

= 223.8 V(1 - 0.1) (1197.3 - 899.3) 

= 3d 67 ft. per sec. 

Ha = 778 (1 - 0.1) (1197.3 - 899.3) - 208,800 ft-lb. 
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Xz - Xz + Iz = Xz- 


from which 


y(gi-g8) 
^8 


, 0.1(1197.3 - 899.3) 
= 0.788+ ^ 

= 0.788 + 0.029 
= 0.817. 

^ _ WxsUs 

- 73 

0.817 X 173.1 
3667 

== 0.0386 sq. ft., 

dz = 2.66 in. 

WVz 3668 


Fs = 


Q 


32.2 


= 1141b. 


These various factors for all given pressures have been calculated in 
a similar manner and are as follows: 


ACTUAL NOZZLE. 


Quantities | 

Ft. per Sec. 

E 

Ft.-Lb. 


A 

Sq. Ft. 

d 

Inches. 

F 

Ft.-Lb. 



110 

1,420 

31,317 

.9658 

.00275 

0.711 

44.1 



70 

1,893 

55,632 

.9414 

.00286 

0.723 

58.8 



30 

2,515 1 

98,257 

.9026 

.00493 

0.951 

78.12 

Pressures - 


14.7 

2,894 1 

130,050 

.876 

.0080 

1.2 

98.8 



8 

3,168 ' 

155,858 ’ 

.856 

.0127 

1.53 

98.4 



4 

3,438 

183,581 

.836 

.0220 

2.01 

106.8 



2 

3,667 

208,800 

.817 

.0386 

2.66 

114.0 


Many of these values may be determined directly from the MolKer 
or total heat-entropy diagram as described in Chapter XXII; in fact, 
the Mollier diagram has to all intents and purposes supplanted the 
steam tables in this connection. For superheated steam the diagram 
is extremely useful in avoiding laborious calculations. 

Fig. 235 gives a diagrammatic arrangement of the blades in a single- 
stage De Laval turbine. The nozzle directs the steam against the blades 
with absolute velocity Vi and at an angle a with the plane of the wheel 
XX. Since the wheel is moving at a velocity of u feet per second, the 
velocity Vi of the steam relative to the wheel is the resultant of Vi and 
u. The angle I3i between vi and XX will be the proper blade angle at 
entrance. If the blade curve makes this angle with the direction of 
motion of the wheel no shock will be experienced when the steam enters 
the blades. For convenience in construction the exit angle ^2 is made 
the same as the entrance angle Neglecting frictional losses in the 
blade channels the relative exit velocity will be — Vx, and the absolute 
velocity F 2 is the resultant of V 2 and u. The impulse exerted by the 


W 

jet in striking the vanes is — and its component in the direction of 

Q 
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. . W 

motion IS — Vi cos Bi 

g. 


— (Fi cos a — -u). As the jet leaves the vanes 


W W r 

the impulse is cos ft = (F 2 cos y + u). 

g g 



The total pressure acting on the vanes, or the actual driving impulse, is 
W 

p = — j 7 ^ cos a — -u — (F 2 cos 7 + u)] I 

g 

w 

= y (Fi cos a + F 2 cos 7 ). (176) 

Equation (176) may also be expressed 

IF 

p = — 2 (Fi cos a — u), (178) 

g 

The resultant axial force or end thrust is 

IF 

p= — (Fisina— F 2 sm 7 ). (179) 

g 

Evidently if a = 7 and Fi = F 2 there will be no end thrust, simio 
Vi xSin a — Vz sin 7 will be ziero. 

The work done is 

W 

Pu = Y u (Fi cos a + Vz cos 7 ), (180) 

or, using equation (178) in place of (176), 



( 181 ) 
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By making the first derivative equal to zero 


A 

du 


W 


2 (uVi cos a 




Fi COS q; — 2 2^ = Oj 


or 


u = ^ Ficoscki. 


That is, for any nozzle angle a. the work done, Fu, has its greatest 
value when w = ^ Fi cos a or 7 = 90 degrees, whence 


Pu ~ W COS^ a. 


(182) 


The work for any initial velocity Vx becomes a maximum when a = 0 
and = I Fi. This condition can only occur for a complete reversal of jet 
and zero final velocity. Substitute a = 0 and u hVi in equation (181). 


Pu 


WVi^ 


, which is necessarily the same as equation (156). 


In the actual turbine the various velocities will be less than those as 
obtained on account of the frictional resistance in the blades, and the 
velocity diagram should be modified accordingly. 

Example 31. Lay out the blades (theoretical and actual) for the 
nozzle in the preceding example, assuming that the jet impinges against 
the wheel at an angle of 20 degrees and that the peripheral velocity is 
1250 feet per second. 

Theoretical Case: 

Lay off Fi = 3865 feet per second in direction and amount as shown 
in Fig. 235 and combine it with u = 1250 feet per second; this gives 
Vi, the relative entrance velocity, as 2725 feet per second, and /3, the 
entrance angle, as 29 degrees. 

Lay off V 2 = Vi at an angle 02 = 0i and combine with u; this gives 
F2, the absolute exit velocity, as 1740 feet per second. 

The theoretical energy available for doing work is 

e=E - 7 .=*) 

zg 

= ^ (3865= - 1740^) = 185,000 foot-pounds. 


The difference between 232,000 and 185,000 = 47,000 foot-pounds is 
evidently the kinetic energy lost in the exhaust due to the exit velocity. 
The pressure exerted by the steam on the buckets is 

W 

p == — (Fi cos a + F^ cos 7) 

g 

= ^ (3865 X 0.9397 + 1740 X 0.65166) 

= 148 pounds. 


The theoretical impulse eSiciency is 

Vi^ - 3865* - 1740* 


Fi* 


3865* 


0.797. 
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The theoretical horsepower per pound of steam flowing per second is 


Hp.= 


185,000 

550 


336. 


Theoretical steam consumption per horsepower-hour is 

10.7 pound,. 

Actual Case: 

Proceed as in the theoretic al case, u sing the actual absolute velocity 
Yi = 3865 Vl - y = 3865 Vl - 0.10 = 3667 feet per second in place 
of the theoretical value Fi = 3865. Lay off Yi = 3667 at an angle of 
20 degrees as before and combine with u = 1250, Fig. 236. 


U ==»1250 



Fig. 236. Velocity Diagram as Modified by Friction Losses. 


The resultant vi = 2530 is the velocity of the jet relative to the wheel, 
and the entrance angle /3 is found to be 29.7 degrees. The relative exit 
velocity ih. will be less than Vy because of the blade friction. 

Assume the loss of energy <f> between inlet and exit of the blades to be 
14 per cent; then, since the velocity varies as the square root of the 
energy, 

% = Vl — <i) (Ifi'l) 

= 2530 Vl - 0.14 
= 2346 feet per second. 


The resulting absolute velocity Ya is found from the diagram to bo 
Yi = 1405 feet per second. 

Since the loss of energy in the nozzle is 


Vi^ - (I - y) Yi* 
2 ? 


(184) 


j,j2 — (1 - Vi^ 
^0 ' ’ 


and that in the blade 


( 185 ) 
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the remaining energy, deducting both losses in the nozzle and the 
blades, is 

(Fi= - yV{- Vi) . (186) 

= ™ (3865" - 0.1 X 3865" - 0.14 X 2530" - 1405") 

= 164,200. 

The losses due to windage, leakage past the buckets and mechanical 
friction must be deducted from these figures to give the actual energy 
available for doing useful work. Assuming a loss of 15 per cent due to 
this cause, the work delivered is 


0.85 X 164,200 = 139,570 foot-pounds. 

The efficiency in the ideal case was found to be 0.797 and the avail- 
able energy 185,000 foot-pounds. 

The efficiency, deducting the loss due to friction, etc., is 


139,570 _ 
185,000 ^ 


0.797 


0.60. 


The horsepower delivered is 


139,570 

550 


== 254. 


Steam consumption per horsepower-hour is 


3600 

254 


= 14.2 pounds. 


The heat consumption, B.t.u. per horsepower per minute is 
14.2 (1197.3 -- 94) , 

60 - 


Assuming the revolutions per minute to be 10,000, the mean diameter 
of the wheel to give a peripheral velocity of 1250 feet per second is 

1250 X 60 o on + OQ * k 
10,000 X Il4 = 

The determination of the height and width of vanes, clearance be- 
tween nozzles and blades, etc., are beyond the scope of this work and 
the reader is referred to the accompanying bibliography. 

The ratio of exit to inlet velocity is called the blade or bucket velocity 
coefficient. Table 88 gives the values of this coefficient for the usual 
shape of impulse turbine blades. The values include all losses between 
the nozzle mouth and entrance to the exhaust opening. (Marks^ Me- 
chanical Engineers' Handbook, p. 984.) 


TABLE 88. 

Velocity relative 
to blades, ft. 

per sec 200 400 600 800 1000 1500 2000 2500 3000 4000 

Blade velocity 

coefficient 0 953 0,918 0.888 0.863 0,841 0.801 0.774 0.754 0.739 0.716 
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Blade Design for De Laval Turbines: Moyer, “Steam Turbine,” Chap. IV; Power, 
Mar. 17, 1908, p. 391. 

Flow of Steam through Nozzles: Jour. A.S.ME., Mid. Nov., 1909, April, 1910, 
p. 537; Engineering, Feb. 2) 1906; Engr. Lond , Dec. 22, 1905; Eng. Rec., Oct. 26, 
1901; Power, May, 1905; Eng. News, Sept. 19, 1905, p. 204. 

Design of Turbine Disks: Engr. Load., Jan. 8, 1904, p. 34, May 13, 1904, p. 481. 

Turbine Losses and their Study: Jour. El. Power and Gas, March 9, 1912. 

Critical Velocity of Shafting: Jour. A.S.M.E., June, 1910, p. 1060; Power, Sept., 
1903, p. 484. 

203. Terry Non-condensing Turbine. — Fig. 237 shows a section 
through a single-stage Terry turbine, illustrating an application of the 
single-stage impulse type with two or more velocity stages. This ^^com- 
pounding'' of the velocity permits of much lower peripheral velocities 



Fig. 237. Section through Single-stage Terry Steam 


than with the single-velocity type. The rotor, a single wheel consisting 
of two steel disks held together by bolts over a stool center, is fitted 
at its periphery with pressed-steel buckets of semi-circular cross scctiom 
The inner surface of the casing is fitted with a series of gun-metal re- 
versing buckets arranged in groups, each group being supplied with a 
separate nozzle. The steam issuing from nozzle N, at very high vclocjity, 
Fig. 238, strikes one of the buckets, Bj on the wheel, and since the ve- 
locity of the buckets is comparatively low, is reversed in direxd/ion 
md directed into the first one of the reversing chambers. The chamber 
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redirects the jet against the wheel, from which it is again deflected; 
this is repeated four or more times until the available energy has been 
absorbed by the rotor. Terry turbines are made in a number of sizes 
varying from 5 to 800 horsepower, and operate at speeds varying from 



Fig. 238. Arrangement of Buckets and Reversing Chambers in a Terry Steam Turbine. 

210 feet per second in the smaller machine to 260 feet per second in the 
larger. These low speed limits compared with the speed of single- 
stage De Laval turbines are made possible by the application of the 
velocity-stage principle in the use of the reversing buckets. The 



Fig. 239. Westinghouse Impulse Turbine Connected to Generator through Re- 
duction Gearing. ^ 


rotor of the smaller machine is 12 inches in diameter and runs at 3800 
r.p.m., and that of the larger, 48 inches, running at 1250 r.p.m. Since 
the flow of steam into and from the buckets is in the plane of the wheel 
there is no end thrust. 

Non-condensing Terry turbines are all of the single-stage type. 
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304. Westinglioiise Impulse Turbine. — The Westinghouse impulse tur- 
bine which is constructed in various sizes ranging from 10 to 800 horse- 
power is similar in basic principle to the Terry turbine. The rotor 
consists of a single wheel on the periphery of which are located blades 
of nickel steel. In the non-condensing unit the steam is expanded 
in a single nozzle and is directed upon the rotor where its energy is 
partially absorbed in work. From the rotor it is deflected to the re-, 
versing member and is directed on the wheel a second time when the 

remaining energy is finally extracted. 
For condensing service this reversing 
operation is repeated a second time 
making three passes through the wheel 
before the steam is exhausted to con- 
Fig.240. Developed Section through denser. By the use of two separate 
Nozzle Blades and Reversing fiozzles, large and small, proportioned 
Chamber, Westinghouse Impulse conditions, relatively 

Turbine. eflGiciency is obtained at half- 

load as at rated load. The economy of a single wheel turbine is vitally 
affected by its operating speed, the higher the speed up to a peripheral 
velocity of less than half that of the jet the better will be the heat 
economy. On the contrary, moderate-speed generators offer a better 
efficiency than high-speed generators. This type of unit has been 
designed so that the steam turbine and its accompanying generator 
may operate at their best speed through the medium of reduction gears. 
In fact, all builders of high-speed turbines are equipped ^to furnish re- 
duction gears with their units, and the general tendency is toward the 
incorporation of gearing in all types under 1000 kw. rated capacity. 

305. Elementary Theory .—Single-wheel Multi-velocity-stage Turbine.^ — ■ 
Fig. 241 gives the theoretical velocity diagram for a single-pressure stage 
Terry Turbine. Since the entire heat drop takes place in the nozzle 
the initial velocity of the jet OA is the same as with the single-stage 
De Laval turbine and may be calculated by means of equation (157). 
OA represents the absolute velocity of the jet, OC the peripheral velocity 
and AOC the angle of the nozzle. CB is the component, parallel to 
the line of the jet, of the resultant of AO and OC. DC, in line with 
and equal in length to CJ5, combined with the peripheral velocity DB 
gives ECj the absolute velocity of the steam as it leaves the first set of 
rotating buckets. OiF, parallel to OA and equal in length to EC, 
represents the velocity of the steam as it enters the first stationary or 
reversing bucket. JG is the component of the resultant of OiF and 
OxJ in line with the jet. The resultant IJ of D/ (- JO) and ¥11 
represents the velocity of the steam as it loaves the rotary buckets the 
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second time. This construction is repeated through all velocity stages. 
The final exit velocity of the steam as it issues from the moving buckets 
is WY. The energy converted into useful work is 

Fj - 

In the actual turbine friction losses would reduce the length of the 
velocity lines and increase the amount of energy rejected in the exhaust. 
The construction of the velocity diagram as modified by friction is 
similar to that described in paragraph 202, Fig. 235. 

A 



Fig. 241. Theoretical Velocity Diagram, Terry Turbine. 


206. De Laval Velocity-stage Turbine. — Fig. 242 shows a section through 
a Class De Laval steam turbine illustrating an application of the 
single-pressure, multi-velocity stage type in which the velocity is com- 
pounded by a series of wheels and reversing intermediates instead of 
having the jet redirected upon a single rotor. In this type of turbine 
the steam is completely expanded in a single set of nozzles from initial 
to terminal pressure just as in the single-wheel geared type. The jet 
from the nozzles impinges against the first row of moving blades or 
vanes and gives up part of its energy. It leaves the moving blades at a 
reduced velocity and is reversed in direction by the first set of station- 
ary vanes. The latter redirect the jet against the second set of moving 
vanes where a further absorption of energy takes place and the velocity 
is again lowered. This process is repeated until the steam leaves the 
last row of moving vanes at practically zero velocity. The wheels are 
of forged steel and are fitted at the periphery with nickel bronze blades 
similar in design to those of the single-stage geared type. The guide 
vanes are similar in form to the moving vanes and are attached in a 
like manner to a steel retaining ring. The governor is of the throttling 
type. In the smallest machine the governor weights are attached di- 
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rectly to the main shaft and in the larger machines it is actuated through 
speed reduction gearing. The emergency governor is independent of 
the main governor and closes a butterfly valve in the steam inlet open- 
ing when a predetermined speed is exceeded. This type of turbine is 



Fig. 242. De Laval Velocity-stage Turbine. 


constructed in sizes ranging from 1 to 1500 horsepower and at speeds 
ranging from 3600 to 6000 r.p.m. By means of reduction gearing any 
desired lower speed may be obtained. 

The velocity diagram may be constructed in a manner similar to 
that of any single-pressure stage of the Curtis turbine as described in 
paragraph 212. 

207. Kerr TmUne. — Fig. 243 shows a longitudinal section through 
an eight-stage Kerr steam turbine illustrating the compound-pressure 
or multi-cellular group of the impulse type. The rotor consists of a 
series of steel disks, mounted on a rigid steel shaft. A scries of drop- 
forged steel buckets is secured to the periphery and riveted in dove- 
tailed slots as shown in Fig. 244. The tips of the buckets arc riveted 
to a shroud ring, thereby insuring a rigid and positive spaced construc- 
tion. The stator is made up of a number of arched cast-iron diaphragms 
with circular rims tongued and grooved, and bolted to steam-end and 
exhaust-end castings. The nozzles arc formed by walls within the 
diaphragm and thin Monel metal vanes die-pressed into shape and cast 
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Fig. 243. Section through an Eight-stage Kerr Turbine. 
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into the diaphragm. One set of nozzles and one wheel constitute a 
stage and the expansion is usually carried out in from six to ten stages, 

depending upon the condition 
of operation. 

The operation is as fol- 




Fig. 244. Bucket Fastening, Kerr Turbine. 


lows: Steam enters the tur- 
bine through a double-beat 
balanced poppet valve, the 
stem of which is connected 
through levers to the gover- 
nor, to the circular cored 
space H, H extending around 
the steam '^end casting. 
This space acts as an equal- 
izer and insures uniform ad- 
mission to the first set of 
nozzles. Partial expansion 
takes place through the first 


set of nozzles and the kinetic energy is imparted to the rotor through 


the medium of the vanes. 
Steam leaves the buckets at a 
very low velocity and is again 
expanded through the second 
set of nozzles in the diaphragm. 
This process is repeated in each 
stage and exhaust steam leaves 
the turbine at 0. 

Fig. 246 illustrates the prin- 
ciples of the oil relay governor 
as applied to the larger sizes of 
turbines driving alternators. 
Referring to Fig. 246: rotation 
of the turbine shaft is trans- 
mitted through worm gear and 
governor spindle to weights, TF, 
W\ Centrifugal force throws 
these weights outward about 
suspension points A and A\ 
overcoming the resistance of 
the spring. The movement, of 



Fig. 246. Arrauj^emeiit. of VauoB axid 
Nozzles, Kerr Turbine. 


the spring is transmitted through lever L to relay plunger P and ad- 


mits oil pressure (about 30 pounds per square inch) to piston N and 
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in this manner throttles admission valve V. Similarly, a downward 
movement of the relay plunger stem releases oil pressure and opens 
the admission valve. 

Floating lever L is connected to the admission valve stem through 
secondary lever M so that the movement of the steam valve returns 



Fig. 246. Oil Relay Governor, Kerr Turbine. 


the relay plunger to its central position. This equalizes the pressure on 
top and bottom of the main piston S and arrests its movement, thereby 
maintaining a fixed opening for a given speed. A suitable emergency 
valve automatically cuts off the steam supply in case the speed exceeds 
a predetermined amount. 

A spring-loaded governor of the centrifugal type mounted directly 
on the turbine shaft is used to control the smaller sizes of turbines. 

Kerr turbines are constructed horizontally and vertically and in 
various sizes ranging from 5 to 2500 horsepower, and are designed to 
operate all classes of pumps, blowers and generators. The rotative speed 
varies from 2000 to 4000 r.p.m., depending upon the service for which 
the turbines are intended. By means of gearing any lower speed may 
be obtained. 

:308. Be Laval Multi-stage TurMne. — This is of the multi-cellular type 
and is constructed with single velocity stages or with two velocity 
stages for each pressure stage. The increase in the cross-sectional area 
of the passages required by the expansion of the steam as it proceeds 
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through the turbine is effected by lengthening the blades, reducing the 
diameters of the wheels correspondingly and increasing the bore of the 
casing. (In the Kerr turbine the blades are lengthened and increased 
in width from the high-pressure to the low-pressure stages and the steam 
passages are increased in size but the outside diameter of the rotor 
remains the same.) The bearings are of rigid construction arranged 
for water cooHng. Labyrinth packing is used between stages and com- 
bined labyrinth and carbon-ring packing at the steam and exhaust 
ends of the casing. Air leakage into the turbine is prevented by in- 
troducing live steam between the two outer carbon rings. The governor 
is of the throttling type and is mounted upon a vertical shaft driven 
through worm gearing by the main turbine shaft. These machines 
are constructed in various sizes ranging from 50 to 15,000 horsepower. 
The maximum speed of the smaller machines is about 7500 r.p.m. 

‘ 209 , Elementary Theory. — Multi-pressure Single-velocity-stage Turbine. 

In the frictionless or ideal turbine the velocity issuing from each nozzle 
or pressure stage is dependent upon the heat drop in the nozzle. If 

there are n stages the heat drop per stage will be ^ of the total heat 

drop. Since there are no friction losses in the ideal turbine the total 
heat drop is 

and the heat drop per stage ^ ^ 

Hi — lin 
71 


The stage velocity or initial velocity of jet from each nozzle is 
F = 224 




Bl-Hn 


The pressure, specific volume and quality of the steam in each stage 

may be determined by subtracting — - from the heat content of 

the preceding stage and finding the corresponding quantities from tem- 
perature-entropy tables or diagrams. 

Thus, an eight-stage turbine operating non-condensing at 190 pounds 
initial absolute pressure would show about the following conditions. 
(All friction and leakage losses neglected and final velocity in each 
stage assumed to be zero.) 

Hi ~ 1197.3 B.t.u. per pound. 

Hn == 1012.5 B.t.u. per pound. 

Total heat drop Hi- Hn = 1197.3 - 1012.5 « 184.8. 

184 8 

Heat drop per stage = - = 23.1. 

o 

Stage velocity = 224 v/23.1 = 1080 feet per second. 
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Stage. 

Heat Content. 

Pressure, Lb. Abs. 

Quality, Per Cent. 

Specific Volume 
Cu. Ft. per Lb. 

Admission. 

1197 3 

190 

100 

2 41 

1 

1174 2 

145 

97 9 

3 04 

2 

1151 1 

109 

95.9 

3 93 

3 

1128 0 

80 

94.0 

5.14 

4 

1104 9 

58 

92 2 

6.77 

5 

1081.8 

42 

89 6 

8.96 

6 

1058 7 

30 1 

88.8 

12 07 

7 

1035 6 

21 ! 

87 3 

16 33 

8 

1012 5 1 

Atmospheric 

85 8 

22.55 


In the actual turbine only 50 to 75 per cent of the heat theoretically 
available is transformed into useful work. A small portion is lost by 
gland leakage, radiation and bearing friction and the balance has been 
retransformed from kinetic energy into potential energy by eddying, 
fluid friction and blade leakage. The efiiciency of each stage is less 
than that of the turbine as a whole since the increase in heat content 
due to friction, etc., is available for transformation into useful work in 
the succeeding stages. To find the actual pressure condition in each 
stage allowing for the various losses, it is necessary to correct the theo- 
retical quantities for these losses. See “Energy and Pressure Drop in 
Compound Steam Turbines,” by F. E. Cardullo, Proc. A.S.M.E., Feb., 
1911, and paper read by Prof. C. H. Peabody, Proc. Society of Naval 
Architects and Marine Engineers, June, 1909. Consult also, “The 
Steam Turbine Expansion Line on the Mollier Diagram and a Short 
Method of Finding the Reheat Factor, ” by Edgar Buckingham, Bui. 
No. 167, 1911, U. S. Bureau of Standards. 

»10. Terry Condensing Turbine. — The condensing units are of a 
composite design, namely, a high-pressure compound-velocity element 
gi'milar to the non-condensing device and a series of single-velocity multi- 
pressure elements for the low-pressure end. A section through such a 
unit is shown in Fig. 247. It will be noted that the steam (slightly 
above atmospheric pressure) leaving the high-pressure element instead 
of passing directly into the low-pressure stages passes to the other end 
of the casing and returns through the low-pressure stages to the center. 
This arrangement maintains a pressure somewhat above atmospheric 
on the inside of both glands and prevents inward Icaikagc of air. It 
also insures uniform temperature at both ends of the turbine casing. 
These units are built in sizes up to 750 kw. 

m. Curtis Turbine. — A textbook description of the Curtis line of 
turbines must necessarily be of a very general nature because of the 
many changes effected from year to year. A detailed description of a 
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machine representing current practice may be obsolete in many respects 
when compared with that of a similar unit constructed a year later. In 
a general sense the basic principle is the same for all types and sizes, but 
the structural details, methods of governing, number of stages, -and the 
like vary with the size and the service for which the turbine is intended. 
All Curtis turbines ranging from the very small direct-current machine to 
the huge turbo-alternator of 45,000 kilowatts rated capacity are of the 
impulse type. The small direct-current machines, Fig. 248, have a 
single-pressure stage, and two or three velocity stages and operate at 
approximately 5000 r.p.m. The large turbo-alternators have nine or 




Fici. 249. Arrangement of Nozzle and Blades, Curtis Turbine. 


more pressure stages contained in either a vsingle cylinder casing, Fig. 
251 or double cylinder casing, Fig. 256 and operate at 1800 r.p.m. 
The high-pressure stage in practically all sizes comprises a set of nozzles 
and a single wheel carrying two rows of buckets. The succeeding 
stages have but one row of buckets on a single wheel, except in the low- 
pressure element of the compound cylinder units where there are two 
wheels per stage, each with a single row of buckets. In the mixed 
pressure type there are two rows of buckets on each wh.eel and in the 
small, two-stage turbo-oil pump for circulating the main bearing oil 
there is but one velocity for each pressure stage. In all machines the 
steam flow is axial. In the single cylinder units the flow is unidirectional 
but the low-pressure member of the compound cylinder machine is 
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arranged for double flow, that is, the steam enters at the center of the 
low-pressure turbine and flows through double stages on either side of 
the condenser as shown in Fig. 251. 

A comparatively high initial velocity is given to the jet in each 
pressure stage by expansion in the nozzle and the energy is absorbed 

by successive action upon a 
series of moving and station- 
ary vanes. Since expansion 
takes place only in the nozzles 
the pressure in any stage is 
the same on both sides of the 
wheel. The action of the 
steam is as follows (Fig. 249) : 
Entering at A from the steam 
pipe it passes through one or 
more admission valves B into 
the bowls C. The number of 
leei admission valves depends on 
the load and their action is 
controlled by the governor. 
From bowls C the steam ex- 
pands through nozzles Z) and 
impinges against the first row 
of moving blades and gives up 
Fig. 250. Throttling Governor Mechanism for part of its energy. The steam 
26-kw., 3600-r.p.m., Direct-current Curtis flowing from the first row of 
Turbo-Generator. moving blades is reversed in 

direction by the adjacent stationary vanes and is redirected against the 
second set of moving blades where it gives up its remaining kinetic 
energy. From this stage the steam flows at reduced pressures through 
the nozzles of the second stage which are sufficient in number and 
size to afford the greater area required by increased volumes. In ex- 
panding in these nozzles it acquires new velocity and givc^^s tip energy 
to the moving blades as before. This process is rcpeatcxl through 
several additional stages. 

The rotor consists of 1 to 13 or more steel disks mounttid side by side 
on a horizontal shaft. In some of the earlier designs the shaft was 
mounted vertically but this construction has been discontinued. 
Buckets or vanes of nickel steel, monel metal or nickel bronze, ac- 
cording to the condition of the steam, are secured to the periphery by a 
dovetail-shaped root which fits snugly in a channel of the same section 
machined in the rim. The types of the vanes are tenoned and riveted 
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into a shroud ring. The stationary vanes are secured to the casing as 
illustrated in Fig. 249. Between the revolving wheels is a stationary 
steam-tight diaphragm which contains the nozzles through which the 
steam is expanded from the preceding stage. It will be seen from Fig. 
249 that vanes and nozzles increase in size in succeeding stages as the 



Fig. 252. Steam-belt Area in Fire-stage Curtis Turbine. 

pressure falls and the volume increases. The parts are so proportioned 
that the steam gives up approximately 1/n of its energy in each pressure 
stage, n representing the number of stages. The number of stages 
and the number of vanes in each stage are governed by the degree of 
expansion, the peripheral velocity which is practical or desirable, and 
by various conditions of mechanical expediency. The nozzles extend 



around a relatively short arc in the periphery of the first stage and in- 
crease progressively in number until they extend around the entire 
wheel in the last stage. See Fig. 252. 

In the smaller machines the speed is controUod by a centrifugal gov- 
ernor mounted on the end of the main shaft. The governor actuates 
a throttling valve of the balanced poppet-valve type. The larger 
sizes are controlled by an indirect or relay system. Fig. 250 shows an 
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assembly of the simple throttling governor. The movement of gov- 
ernor weights B is transmitted through spindle C and thrust ball D 
to bell crank E, which in turn operates the valve stem F and double 
balanced poppet valve (?. The valve is shown in wide open position. 
Two emergency governors of the clock-spring type are mounted on the 
outer ring of the main governor. These springs rest under tension 
against a stop and when the turbine exceeds 10 per cent of the normal 



Fig. 254. Assembly of Hydraulic 
Cylinder. 



Governor. 


speed will strike a trigger and release flap valve Wj thus shutting ofi 
the supply of steam. 

The large turbo-alternators are controlled by a relay governor of the 
hydraulic type. This mechanism consists of a cylinder to which oil 
under pressure is fed through a pilot valve under the control of the main 
governor. The piston rod of the cylinder contains a rack which meshes 
with a pinion on a cam shaft and so rotates the shaft. The cams on 
the shaft lift the individual controlling valves as determined by the 
angular spacing of the cams. The general assembly is shown in Fig. 
251 and the general details of the main governor, cylinder and one of 
the controlling valves in Figs. 253 to 255 respectively. 

Referring to Fig. 253 speed regulation is accomplished by the balance 
maintained between the centrifugal force of moving weights AA and 
the static force exerted by spring D. The governor is provided with 
an auxiliary spring F for varying its speed when synchroni^sing, the 
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tension of which is varied by 
a small pilot motor controlled 
from the switchboard. The 
movement of the governor 
weight is transmitted through 
rod C to arm H and by means 
of the latter to floating lever L, 
Fig. 254. This floating lever is 
pivoted on a clamp attached to 
the pilot valve stem S. The 
other end of the lever is con- 
nected by links to the piston rod 
R of the operating cylinder. A 
movement of governor arm dis- 
places the small pistons of the 
pilot valve from their normal 
location in which they close the 
ports of the cylinder. This dis- 
placement causes oil to be ad- 
mitted to the cylinder and the 
pressure of the oil operates the 
main piston. The piston rod 
opens and closes the controlling 
valves through the agency of 
the cam shaft and at the same 
time transmits its motion 
through the link system to the 
end of the floating lover and 
thus brings the pilot valve back 
to its normal position. Each 
position of the governor d(^ter- 
mines a definite position of the 
piston in the operating cylinder 
and consequently the opening of 
a definite number of (controlling 
valves. The gcmcral details of’ 
one of the controlling valves is 
shown in Fig. 255. 

The emergency governor or 
stop consists of a ring R (Fig. 
257) j unevenly weighted, at- 
t-ached to and revolving with 
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the shaft. At normal speeds and less, the unbalanced ring is held con- 
centric with the shaft by helical springs S. When the speed increases 
to 10 per cent above normal the centrifugal force of the unbalanced 
portion of the ring overcomes the spring tension, and the ring revolves 
eccentrically. In this position the ring sp..cin^Pin 

strikes a trip finger and closes the main 

throttle valve which is of the balanced 

Another type of governor used on — f 

the smaller machines is shown assem- t 1 

bled in Fig. 258. In this arrangement \ ^ j] 

the main governor arm A, Fig. 259, 

actuates a small steam pilot valve. Emergency Governor. 

The latter in turn moves a piston on 

the stem of which are mounted several valve hangers designed to raise 
the various controlling valves successively with the upward travel of 
the piston. The valves are of the double-seated poppet type, an- 
nular in shape, free to move, but guided and controlled by the valve 
hangers. Referring to Fig. 259 with turbine and governor at rest 
and no steam bled to the pilot valve, the position of the various 


Fig. 257. Emergency Governor. 



Fig. 258. Assembly of Governor and Operating Cylinders for Steam Relay Control. 


levers is such that the pilot valve is in a position to admit steam to 
the under side of the piston for operating the main valves. With the 
opening of the throttle the turbine speeds up and the governor mecha- 
nism moves upward, the connection to floating lever L moves down- 
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ward and the latter fulcruming on pin B moves the pilot valve V 
upward to a position which shifts the admission of steam from the 
under to the upper side of piston P, closing the main valves successively 
until the governor assumes a position of equilibrium. Movement of 



Fig. 259. Valve Gear Assembly. 


piston P also moves floating lever L and brings the pilot valve in a 
neutral position independent of the governor. Any change in speed of 
the governor causes the pilot valve to admit steam to the under side 
of the piston with a drop in speed and the upper side with an increase 
ill speed. It will be seen from the above description that throttling 
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is practically eliminated since all but one of the valves is either in the 
wide open or shut position, and the over travel of the piston during a 



Fig. 260. Water-cooled Bearing, Horizontal Curtis Turbine. 


small variation in load causes periodic opening and closing of the in- 
dividual valve. 

The main bearings as well as the governor are supplied with forced 


lubrication from an oil pump 
bolted to the main pillow block. 
The oil is cooled by a current of 
water flowing through the main 
bearing linings, the bottom 
halves of which are equipped 
with a number of copper coils 
imbedded in the babbitt as 
shown in Fig. 260. In some 
designs the oil pump is of the 
geared type while in others it 
is driven by a small independ- 
ently operated steam turbine. 

The general details of the 
main thrust bearing are shown 
in Fig. 259. The drawing is 
self-explanatory. 



Fig. 262 shows a general assembly of the main shaft packing for the 


ends of the casing and for one intermediate. The packing rings are 


of carbon and are self-lubricating. Each ring is composed of three 
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segments held against the shaft by radial springs. There are usually 
four rings in the high-pressure head, three in the low-pressure head 
and a single ring in the intermediates. For condensing service the 
heads and packing chambers are sealed with live steam to prevent 



Drains 

Fig. 262. Assembly of Packing. 

air leakage into the casing when the pressure inside is less than atmos- 
pheric and to prevent the escape of steam whom the pressure in the 
casing is greater than atmospheric. 

Although there are numerous Curtis turbines of the Curtis vertical 
shaft type in successful operation this design has been disiioniinued 
and no attempt will be made to describe them. The mechani(*>al valve 
employed in some of the earlier designs has also been abandoned. 

213. Elementary Theory, Curtis Turbine. — Fig. 263 gives a dia- 
grammatic arrangement of the blades and noicislcs in thc^ first stage 
of a two-stage Curtis turbine, each stage consisting of onc'. sot of nomhi:^ 
and two moving and one stationary sets of blades. 

Referring to the diagram: the steam is expanded in the first silage 
from pressure Pi to P 2 and issues from the first set of no 5555 les mill 
absolute velocity IT, striking the first sot of moving blades at an angle 
a with the line of motion of the wheel. Tlie resultant- Vi of Vi and the 
peripheral velocity u is the velocity of the steam relative to the varies; 
and the angle ^ which the line Vi makes with the line of motion of thc^ 
wheel is the proper entrance angle of thd binders for the first set. Neg- 
lecting friction the exit angle 7 will be the same as the cntrance^ angle 
0. The resultant of V 2 , the exit velocity relative to^ the bl^-de, and, Uj 
the peripheral velocity, is Fo, the absolute exit velocity. , ,, 
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Since the second set of blades is fixed and serves as a means of 
changing the direction of flow^ the absolute velocity entering them is 
T'o. The angle 6 formed by and the center line of the stationar}^ 
blades is the proper entrance angle, 
exit velocity will be = 1^2, and the 
exit angle will be e = o. The steam 
flowing from the stationary’' blades 
strikes the second set of moving 
blades at an angle e = d with absolute 
velocity F3. Combining Vz with the 
peripheral velocity u we get Vz, the 
velocity of the steam relative to 
the second set of moving blades. 

The angle formed by Vz, and the 
line of motion of the wheel, is the 
proper entrance angle for the second 
set of moving blades. The resultant 
of ( = ^^3) and u is F4, the absolute 
exit velocity for the first stage. 

In the second stage the steam is 
expanded from pressure P2 to that 
in the condenser and acquires initial velocity Fa, leaving the last bucket 
with residual velocity F^. The theoretical velocities and blade angles 
for this stage may be found as above. 

Example 32. A four-stage Curtis turbine develops 800 horsepower 
on a steam consumption of 12 pounds per horsepower-hour; initial 
pressure 150 pounds absolute, superheat 100 deg. fahr., back pressure 
1.5 pounds absolute, peripheral velocity 450 feet per second, angle of 
the nozzle with the plane of rotation, 20 degrees. Each stage consists 
of two rotating elements and one stationary element. Compare the 
performance of the actual turbine with its theoretical possibilities. 

Ideal Turbine: 

For the sake of simplicity it will be assumed that the final velocity 
of each stage is zero and that the heat drop in the first set of nozzles is 
ono-fourth of the total theoretical drop assuming adiabatic expansion. 

From steam tables Hi = 1249.6 B.t.u. 

From entropy tables or Mollier diagram H^ == 934.6. 

Total heat drop = 1249.6 — 934.6 - 315. 

Heat drop in first stage = 78.75. 

The velocity of the jet in the first stage is 

Fi = 224 V78.75 = 1985 feet per second. 

By laying off this initial velocity in direction and amount and com- 


Neglecting friction the absolute 


Nozzles Pi 



Fig. 263. Velocity Diagram, Curtis 
Turbine. 
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bining it with the peripheral velocity as in Fig 263, the absolute veloci- 
ties V 2 and Vz may be readily obtained. 

The kinetic energy absorbed in the first set of moving blades, per 
pound of steam, is 

= (1985^ — 1170^) = 39,930 foot-pounds per second, 

and in the second set of moving blades 

a-enW-r.’) 

-8j4(1170>- 670>) 

= 14,280 foot-pounds per second. 

The total energy converted into useful work is 

39,930 + 14,280 = 54,210 foot-pounds per second. 

Had the entire heat drop been utilized in doing work the total energy 
would be 

X 1985^ = 61,180 foot-pounds per second. 


The difference 61,180 — 54,210 = 6970 represents the loss due to the 
residual velocity of the steam leaving the last bucket. 

Since the steam is brought to rest before entering the second set of 


nozzles, the heat equivalent of this energy or 
creases the final heat content; thus 


6970 

778" 


8.96 B.t.u. in- 


f /2 = 1249.6 - 78.75 + 8.96 = 1179.8 B.t.u. 


But a total heat drop per stage of 78.75 B.t.u. was assumed as a 
requirement of the problem and the final result obtained above shows 
it to be 78.5 — 8.96 = 69.54. By trial and adjustment or by means of 
empirical formulas a value of H 2 may be obtained which will fulfill the 
given conditions. Such an analysis is beyond the scope of i-his book, 
and the reader is referred io Forrest E. Cardullo^s article ^Hilnergy and 
Pressure Drops in Compound Steam Turbines,” Trans. A.S.M.E., 
voL 33, p. 325, 1911. 

The remaining stages may be analyzed in a similar manner. 

It should be borne in mind that in the actual tur])ine the velocity 
will be less than the theoretical on account of frictional rcsistam^es in 
the nozzles and blades and the heat content /ft, f /2 . . , //« will be 
greater than that of the ideal mechanism. Radiation, leakage, windage 
and other losses must also be considered in determining actual (‘.onditions. 
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Neglecting the residual energ;^^ in the exhaust, the total heat drop 
Hi — Hn is available for doing useful work and the water rate of the 
ideal turbine is 


2546 2546 „ . it. i 

jj “ = 8.1 pounds per horsepower-hour. 

Heat consumption per horsepower per minute 
_ 8.1 (1249,6 - 83.9) 


Thermal efficiency 


Er 


60 

1249.6 


= 157B.t.u. 


934.6 


= 0.27. 


1249.6 - 83.9 

Actual Turbine: 

Steam used per hour = 800 X 12 = 9600 pounds. 

Steam used per second = 9600 3600 = 2.66 pounds. 

Horsepower developed per pound of steam flowing per second 
800 2.66 = 300. 

Kinetic energy converted into useful work: 

300 X 550 = 165,000 foot-pounds per second. 

Thermal efficiency 

2546 


Et 


= 0.182. 


12 (1249.6 - 83.9) 

Heat consumption, B.t.u. per horsepower per minute, 
12 (1249.6 - 83.9) 


Rankine cycle ratio 


60 

^ _ 0.182 
Er 0.270 


= 233. 


= 0.675. 


Westinghouse Single-flow Reaction Turbine. — The Westinghouse- 
Parsons single-flow reaction turbine was one of the first reaction tur- 
bines in successful use in this country. This particular type of 
machine is no longer constructed, though the modern Westinghouse 
non-condensing reaction turbine and the high-pressure element of the 
large compound units are modifications of the conventional Parson 
design. The reaction turbine is always a multi-pressure-stage machine 
with small pressure drop per stage. Each stage consists of a stationary 
set of blades or nozzles and a row of rotating vanes or buckets. The 
stationary blades are inserted radially into circumferential grooves in 
the main cylinder or are carried in separate blade rings which arc 
centered within the cylinder. The rotating vanes are mounted in 
rows on a steel barrel or drum and when in operating position revolve 
betweexr the rows of fixed blades on the stator. Theoretically each 
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set of stationary and moving buckets should either continually in- 
crease in height from one end to the other to accommodate the increas- 
ing volume of steain^ or, with equal heights of blades the equivalent 
nozzle area should gradually increase. Practically, for constructive 
reasons, it is preferable to subdivide the stages into three divisions, 
each with a different pitch diameter, and to arrange each division into 
a number of groups. The blades in each group are of the same height 
and shape but are so assembled or “gagged’^ that the equivalent nozzle 
area gradually increases as the steam volume increases. The entire 
expansion is effected in the annular compartment between rotor and 
stator and resembles in effect a single divergent nozzle with the ex- 
ception that the dynamic relationship of jet and vane is such as to 
secure a comparatively low velocity from inlet to outlet. The action 
of the steam on the blades is illustrated in Fig. 264. Steam is expanded 
p/ in the first row of stationaiy blades 



( C C C (a ( C (stationary Blades 

)) )) xmg’ga. 

I (((( C^CCCC Stationary Blades 


from pressure P to Pi and accel- 
erates the jet. The velocity of the 
jet issuing from these stationary 
nozzles is such that steam enters 
the adjacent set of moving blades 


Fig. 264. Blade Anangement, Keaction practically without impulse. The 
Turbine. steam expands from pressure Pi 


to Pz in passing through the first set of moving blades and exerts a 
reactive force on the blades. The jet, with low residual velocity, is 
deflected from the moving blades to the entrance of the second sot of 
stationary nozzles. In this second set of stationary nozzles the steam 
is expanded from pressure P-i to P3 and the jet strikes the second set 
of moving blades. This process is repeated in each clement of the 
turbine, the steam expanding as it flows from clement to clement in 
its passage to the condenser. It will bo scon that the rotating force 
is primarily due to rcactipn though there may be. some impulse when 
the jot strikes the moving members. Since all reaction turbines arc 
subject to an axial end thrust of the rotating parts duo to the differ- 
ence of steam pressures at each end of the drum, provision must bo 
made for resisting this thrust. In the original Wcjsiinghouso-Parsons 
turbine this was effected by balancing pistons or “dummies” mounted 
on the rotor, running with close clearance to the casing, and of the 
same diameter as the overall diameter of each drum. Eacih dummy is 


then subjected to the same difference of pressure as the rotating drums 
by means of equalizing pipes. In the modern single-flow design there 
is hut one balancing piston and the thrust is taken up by a suitably 
designed thrust bearing. A section through a modem Westiughouso 
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Fig« 265. Section Through a Westiughouse Non-condensing Reaction Turbine. 
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non-condensing reaction unit is illustrated in Fig. 265. It will be 
seen that grooves are cut in the surface of the dummy in which cor- 
responding collars on the turbine 
mesh, although they run without 
actual metallic contact. The dummy 
is split and the openings lead to the 
interior of the spindle. Thus the 
steam leaking past the inner half of 
the balancing piston is conducted 
through the spindle to the low- 
Fig. 266. Method of Fastening pressure stages and does work in 

Reaction Blading. the low-pressure cylinder. An equi- 

librium pipe connects the chamber housing the balance piston with 
the exhaust chamber and serves to equalize the pressure at both ends 




Fig. 267. Assembly of Governor Mechanism, Oil Relay Cont.roL 


of the spindle and at the same time permits steam leakage past the 
outer half of the piston to escape into the exhaust. 

Fig. 266 shows the method of fastening the roots of the hhilm aod 
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of bracing the upper ends. It will be seen that dovetailed packing 
pieces placed between the blades and on top of the upset root provide 
an interlocking system with which no caulking is necessary. This 
arrangement makes it possible to replace the blade without mutilating 
the blade-carrying member. 

Fig. 267 shows an assembly of the main governor mechanism. The 
movement of the governor weights is transmitted through suitable 
linkage to lever L which in turn actuates rocker R, Flat-faced cam C 
and vibrator rod B impart a slight but continuous reciprocating motion 
to lever L and thus overcome the friction of rest. Rocker R controls 



Fig. 268. Oil Relay Valve Gear. 


a small pilot valve V which admits oil under pressure to or exhausts 
it from the admission valve operating cylinder. Fig. 268 shows the 
general details of the oil relay gear. Relay valve A is controlled by 
the governor and admits or exhausts oil from the operating cylinders. 
When oil is admitted to the operating cylinder raising the piston, the 
lever C lifts the primary valve E. The lever D moves simultaneously 
with C but on account of the slotted connection with the steam of the 
secondary valve F the latter does not begin to lift until the primary 
valve is raised to the point at which its effective opening ceases to be 
increased by further upward travel. The secondary valve admits 
steam to the intermediate section and enables the turbine to carry 
about 50 per cent more load than on the primary valve alone, A 
steam relay gear is also used with this type of turbine. The steam 
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chest in this case contains only one valve — the primary valve — 
which is operated by the steam relay gear. All capacities in excess 
of that of the primary valve are carried by means of a hand-operated 
secondary valve. All turbines are equipped with an automatic gov- 
ernor stop which shuts off the main steam supply when the turbine 
speed exceeds a predetermined limit. 

In the smaller sized machine running at 3000 r.p.m. or more, flexible 
bearings are employed to absorb the vibration incident to the critical 



Pig. 269. Direct Control Mechanism for Iligh-prc'SHurc^ Turhiru^ Steain- 
admisHion Valve. 


velocity. They consist of a nest of loosely fitting concentric? hi’onzo 
sleeves with sufficient clearance between them to insure the formation 
of a film of oil. In the larger and lower speed machines a split self- 
aligning babbitted bearing is used instead of the flexible bewaring. 
Before the babbitt is run in, a large copper tube is placed in a groove? 
cast in the shell. This tube receives the oil and delivers it to the top 
of the bearing. 

A closed oiling system is maintained by means of a pump geared 
to the? main shaft of the turbine. The oil, after it drains from tlio 
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bearing, passes through a strainer into a collecting reservoir whence 
it is pumped through a cooler and back to the bearings. In turbines 


in which the oil-relay 
governing system is em- 
ployed, and a higher 
pressure is maintained 
by the pumps, the com- 
paratively small quan- 
tity of oil required for 
operating the valve 
mechanism passes to the 
relay cylinder, from 
which it exhausts to the 
cooler. In the larger 
machines an auxiliaiy oil 
pump is furnished for 
establishing a circulation 
with the turbine at rest. 

The glands on both 
the non-condensing and 
the condensing units arc 
water sealed . This seal is 
effected by small bronze 
impellers fitted on either 
end of the turbine shaft 
and which revolve in an- 
nular chambers. Water 
iS’ fed into these cham- 
bers and the centrifugal 
action of the impellers 
maintains a pressure 
which effectually seals 
the glands against air 
leakage into the casing 
or steam leakage into the 
atmosphere. The amount 
of sealing water required 
is very small. The 
grooves and mating col- 



lars on the balancing piston constitute a labyrinth packing. 


^14. Allis*-€lialmers Steam Turbine. — Fig. 270 shows a section 


through an Allis-Chalmers standard steam turbine, which is of the 
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Parsons type but differs from the original Parsons machine and the 
Westinghouse-Parsons construction principally in manufacturing de- 
tails. In the older Parsons type, three balance pistons are placed at 
the high-pressure end. In the Allis-Chalmers design, the larger piston 
is placed at the low-pressure end of the rotor, behind the last row of 
blades, the other two remaining at the high-pressure end. This con- 
struction permits of a smaller balance piston and allows a smaller 
working clearance in the high-pressure and intermediate cylinders. 
In the Allis-Chalmers turbine the roots of the blades are dovetailed 
and fitted into a foundation ring, and the tips are incased in a channel- 
shaped shroud ring, thereby insuring a rigid and positively spaced 
construction. The governoT is of the Parsons type, except that the 
main valve and pilot valve are actuated by hydraulic instead of steam 
pressure. The bearings are of the self-adjusting ball-and-socket 
pattern and are kept '^floating in oiT^ by a small pump geared to the 
turbine shaft. The oil is passed through a tubular cooler with water 
circulation after it leaves the bearings and is used over and over again. 

215. Westinghouse Impulse-reaction Turbine. — With the exception 
of a non-condensing unit and the purely impulse type described in 
paragraph 204 all high-pressure single-cylinder turbines constructed 
by the Westinghouse Company arc of the combined impulse and re- 
action types. A typical unit is illustrated in Fig. 271. There are two 
rows of moving blades or buckets upon the impulse wheel witli an in- 
termediate set of reversing blades, the operation being practically the 
same as in the first stage of the Curtis turbine. The drop in pressure 
in the nozzles is such that approximately 20 per cent of the total energy 
developed is absorbed by the impulse element. The steam disetharged 
from the impulse element is expanded through the n^action ekunemts 
in the usual manner. The substitution of the impulse element for the 
high-pressure section of reaction blading has no influen(‘(i on t.h(‘. (rffi- 
ciency but results in a shorter machine and gives a more rigid design 
of rotor. From Fig. 271 it will bo seen that iho cylinder has been 
shortened not only by the substitution of the narrow impulse element 
for a comparatively wide section of reaction blading but also by the 
elimination of the inteimcdiate balancing pistons or dummievs as used 
in the conventional Parsons design. A further inspec^tion of Fig. 
271 will show that the glands on each end of th(^ cylinder are subjected 
to exhaust pressure and that leakage of air into the turbine easing is 
prevented by the water-sealing device described in th(^ preceding pani- 
graph. Steam leakage past the balancing piston through the laby- 
rinth packing escapes into the exhaust. Fig, 272 shows a section 
through a doul)lc-flow impulse-reaction turbine which differs from the 
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Fig. 271, Section through a Combined Impulse and Reaction Single-flow Westinghouse Turbine. 
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one illustrated in Fig. 271 by the use of reaction elements on either side 
of the impulse wheel. It will be seen from Fig. 272 that the double- 
flow is shorter than the single-flow machine by a length equivalent to 
that of the balance piston. Single-cylinder, double-flow impulse- 
reaction turbines have been constructed in sizes up to 22,000 kilowatts. 

316. Westinglioiise Compoimd Steam Turbines. — In a turbine maxi- 
mum centrifugal stresses occur at the exhaust end where the large volume 
of steam requires the greatest blade area. In the high-pressure blading 
involving the use of high-density steam the best velocity ratio con- 
ducive to high economy cannot be met by the rotative speed as de- 
termined by the exhaust end. To avoid a compromise with its resulting 
reduced efiiciency the expansion is carried out in two or more separate 
elements. All of the modern large turbines built by the Westing- 
house Company are of the multi-cylinder type. The two-cylinder 
machines are arranged either tandem or cross compound. Three- 
cylinder cross-compound units have also been built and it is not unlikely 
that the four-cylinder construction may be used for very large units. 
The advantages of the multi-cylinder construction over a single cylinder 
of like capacity are as follows: 

1. Smaller cylinder structure. 

2. Lower temperature range within the cylinder. 

3. Highest efficiency for each cylinder for the expansion of range 
^involved. 

4. Reduction in weight of the parts to be handled. 

5. Possibility, in case of emergency, to operate either cylinder alone. 

In the Westinghouse compound turbine the high-pressure element 
is practically a typical single-cylinder reaction turbine and the low- 
pressure element is a reaction turbine of the double-flow type. The 
high-pressure element of the 30,000-kw. turbine at the 74th Street 
Station of the Interborough Rapid Transit Company, N. Y., operates 
at 1500 r.p.m. and the low-pressure element at 750 r.p.m. 

317. Elementary Theory.— Reaction Turbine. — Fig. 273 gives a diagram- 
matic arrangement of fixed and stationary blades in the first stage' of 
a multi-stage reaction turbine. The steam enters the stationary blades 
at a comparatively low initial velocity and is there partially expanded 
and impinges against the moving blades at velocity Vi. In practice 
Vi is made such that there is practically no impulse when the jet strikes 
the vanes. In passing through the moving vanes the steam is further 
expanded and leaves at absolute velocity 72, exerting a reactive force 
on the rotor. The steam enters the second set of stationary blades 
with absolute velocity 72 and is still further expanded to velocity 78, 
and so on. 
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The energy imparted to the steam in the first set of stationary blades 
is 

( 187 ) 

in which 

Hi = initial heat content, B.t.u. per lb., 

J ?2 = heat content after expansion through the blades, B.t.u. per lb., 
W = weight of steam, lb. per sec., 

Vi = velocity imparted to the jet by expansion. 

The absolute spouting velocity V, = Vq+ Fi, in which Fo = en- 
trance velocity to the fixed blades. 



The energy imparted to the steam in the first set of moving blades i& 

= ( 188 ) 

in which 

Vi = relative velocity of steam entering the moving blades, 

V 2 = relative velocity of steam leaving the moving blades. 

The total energy available in the first stage is in which 

Eg = kinetic energy of the jet leaving the stationary vanns^A'^ F/j. 
The energy converted into useful work in this stage is 

E = E, + E2-^Vi‘ 

' = (7/ + t), E- (189) 

z g 

F 2 = absolute velocity of the steam leaving the moving blades. 
This residual velocity will also be the initial entrance velocity of the 
second stage. 

Each stage may bo analy^scd in a similar manner. 
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Example 33. Construct the velocity diagram and calculate the 
work done per stage in a frictionless reaction turbine for the following 
conditions: Heat d^i'op per stage = 18 B.t.u. per lb. of steam; periph- 
eral velocity = 300 ft. per second; exit angle = 30 deg.; entrance 
velocity = zero. 

The velocity imparted to the steam in the first set of stationary 
blades is 

1 R 

Vi = 224 = 672 ft. per sec. 

The spouting velocity is 

Vs = Vi = 672 ft. per sec. 

Lay off Vs in direction and amount and combine with u = 300, 
Fig. 273. The resultant is Wi, the velocity of the steam relative to the 
blades. The angle between Vi and the line of motion of the wheel 
will be the entrance blade angle. From the diagram Vi = 438. The 
energy given up by expansion in the moving blades is 

1 o 

E = 778 = 7002 ft. per sec. 

Substituting Vi = 438 and Ei = 7002 in equation (188) 

7002 = ^ {v2^ - 

64.4 ^ 

V 2 = 802 ft. per sec. 

The resultant of V 2 and u is the residual velocity of the steam 
leaving the moving blades. From the diagram V 2 = 576. 

The energy converted into work in the first stage is from equation 
(189) ^ 

E = 8 O 2 " - 438^ - 5^^) ~ 

= 10,420 ft. lb. per sec. for each lb. of steam flowing 
through the turbine. 

In the actual turbine the various friction and leakage losses must 
be included in the calculation. Such an analysis is beyond the scope 
of this text and the reader is referred to the acpompanying bibliography. 

^ 18 . Exhaust-steam Turbines. — Low and Mixed Pressures. — In a 

general sense the reciprocating engine reaches its maximum overall 
economy at a vacuum of about 26 inches referred to a 30-inch barom- 
eter. Cylinder condensation and excessive size of low-pressure cylin- 
der usually offset the reduction in steam consumption for vacua higher 
than 26 inches. When it is considered that an increase in vacuum 
from 26 to 29 inches (initial pressure 200 lb, abs.) increases the avail- 
able energy about 22 per cent the loss in economy due to the inability 
of the engine to utilize the higher vacuum is at once apparent. The 
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ability of the turbine to take care of large volumes of steam and to 
avoid cylinder condensation makes a high vacuum desirable for eco- 
nomical reasons. The gain possible by taking advantage of high 
vacua has brought about the exhaust-steam turbine. Since the in- 
stallation of the low-pressure turbine connected to the 7500-kw. angle- 
compound engine at the 59th Street Station of the Interborough Rapid 
Transit Company of New York, exhaust-steam or low-pressure tur- 
bines have been installed in many plants. In this noteworthy instal- 
lation the addition of the low-pressure turbine effected : 

a. An increase of 100 per cent in maximum capacity of plant. 

b. An increase of 146 per cent in economic capacity of plant. 

c. A saving of approximately 85 per cent of the condensed steam 
for return to the boiler. 

d. An average improvement in economy of 13 per cent over the best 
high-pressure turbine results guaranteed at that time. 

e. An average improvement in economy of 25 per cent over results 
obtained by the engine units only. 

/. An average unit thermal efficiency of 20.6 per cent between the 
limits of 6500 kw. and 15,500 kw. 

The low-pressure turbine is installed between the exhaust of the 
low-pressure engine cylinder and the condenser as shown in Pig. 274. 
Running with the engine the low-pressure turbine generator carries a 
variable load without governor control. The turbine generator i/akes 
care of the speed by automatically taking such a load as will keep the 
frequency in unison with that of the engine-driven unit. The turbine 
is equipped with the usual emergency speed-limit attachment for 
cutting off the steam supply should the speed exceed a predetermined 
limit. 

Although numerous examples may be cited showing gi*eat gains in 
both capacity and economy in existing reciprocaiing-engine plants 
by the addition of a low-pressure turbine, a combined reciprocating- 
engine low-pressure turbine unit would not bo selected in place of a 
high-pressure turbine unit for a new plant. Combiiuul units of largo 
power will cost approximately $40 per kw. against |8 per kw. for 
the high-pressure turbine unit. The spacio requirements of the com- 
bined unit are much larger thaTi that of the high-pressure turbines unit 
and the cost of attendance, supplies and maintenan(*.c is also greal/or. 
Bedsides, high-pressure turbine economy has been gnwitly improvcnl 
and water rates considerably below that guarantccnl at the time the 
low-pressure turbines were installed in the 59th Street Station are 
realized in current/ practice. There is no question as to the ecsonomy 
effected in adding an exhaust steam turbine to large non-(5ondcnsiT'ig 
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Fig. 274. Low-pressure Turbine Installation at the 59ih Street Station of the Inter- 
borough Rapid Transit Company, New York. 



Fig. 275 . Wcstinghouse Double-flow Low-pressure Turbine. 




482 


STEAM POWER PLANT ENGINEERING 


reciprocating engines, but with condensing engines it should be borne 
in mind that without increase in vacuum the addition of a low-pressure 
turbine will hardly warrant the extra expense. 

Exhaust steam turbines may be divided into three classes, the 
division depending on the supply of low-pressure steam, viz., straight 



Fig. 276. Rateau Low-pressure Steam Turbine Installation. 


low-pressure, mixed-pressure, and high-and-low-pressurc turbines. Low- 
pressure turbines use exhaust steam only and arc installed whcio 
there is an ample supply of low-pressure steam to carry the load at 
all times. Mixed-pressure turbines carry the full load (1) on all low- 
pressure steam, (2) all high-pressure steam, (3) any proporiion of 
high-and-low-pressurc steam at the same time. High-and-low-pressuro 
turbines can cairy the load on either high-pressure or low-pressure 
steam, but are not arranged to carry the load on both high- and low- 
pressure steam at the same time. 

Low-pressure turbines may be installed so as to rec('.iv(>, exhaust 
steam from a number of engines and other steam-actuated ai)r)liances, 
all of which exhaust into a e,ommon main or recjeivcr, or jiu^y may 
be installed so as to receive the exhaust from one engine only. 

Low-pressure turbines arc frequently installed in conncHilion with 
regenerator acewmviators, to rolling-mill engines, steam hammers, and 
other appliances using steam intcrmitteni-ly, and have prove<l l.o be 
paying investments. The generator a(!Cumulator is inteiuhMl to regu- 
late the intermittent flow of steam before it passos to th(^ turbine. 
The steam collects and is condensed as it enters tht! apparatus and is 
again vaporized during the time when the exhaust of tkj tmgiues dimiu- 
ishes or ceases. 
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The regenerator usually consists of a cylindrical boiler-steel shell 
divided into two similar chambers by a central horizontal diaphragm, 
Fig. 277. Ill each compartment are a number of elliptical tubes A, 
each of which is perforated with a number of f-inch holes. The spaces 
surrounding the tubes and, under certain conditions, the -tubes them- 
selves are filled with water to a height of about four inches above the 
top of the upper tubes. Baffle plate B serves to separate the entrained 
moisture from the steam. The operation is as follows: Exhaust steam 
enters the apparatus at AT, passes to the interior of the elliptical tubes, 
and escapes into the steam space through the perforations and thence 
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Fia. 277. Rateau Regenerator Accumulator. 


to the turbine. When the supply of steam from the main engine 
ceases, the pressure in the regenerator decreases, the water liberates 
part of the heat it has absorbed and a uniform flow of low-pressure 
steam is given off. The continued demand of the turbine reduces the 
pressure in the accumulator and causes the steam still retained in the 
tubes to escape, thereby maintaining the circulation of the water 
(indicated by arrowheads) and facilitating the liberation of steam. 
Suitable valves regulate the limits of pressure in the accumulator and 
prevent the return of water to the main engine. 

In the size normally installed this type of accumulator will furnish 
a sufl&cient supply of steam for four minutes with exhaust entirely 
cut off. If the period is longer than four minutes it becomes necessary 
to admit live steam. Low-pressure turbines develop one electrical 
horsepower-hour on a steam consumption of about 30 pounds with 
initial pressure of 15 pounds absolute and a back pressure of 1.5 pounds 
absolute. Pig. 278 gives the performance of a typical Westinghouse 
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low-pressure turbine for various vacua, initial pressure 15 pounds 
absolute. 

The weight of water W required to operate the low-pressure turbine 
for a given period with a predetermined temperature drop may be 
calculated from the relationship 

(190) 

qi - Qi 

in which 

t = maximum number of minutes the exhaust supply may be en- 
tirely cut off; 

s == water rate of the turbine, pounds per minute, 
r = mean latent heat at regenerator pressure, 

qi = heat of the liquid corresponding to maximum temperature of 
water in regenerator, deg. fahr., 

q 2 = heat of the liquid corresponding to minimum temperature of 
water in regenerator, deg. fahr. 



Fia. 278. Performance of Westinghouse Low-presniire Turbine. 


If the regenerator is to absorb M pounds of exhaust steam in t minutes 
as in case of a sudden flux of exhaust the weight of water Wi nxluired is 



Mr 


(191) 


Example 34. Determine the weight of water to 1)0 storcnl in a re- 
gcrKjrator to op(u*at(^ a SOO-horsepower exhaust steam turbine for fire 
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minutes if the steam supply is entirely cut off; pressure drop 17 to 14 
pounds absolute, turbine water rate 30 pounds per horsepower-hour. 


500 X 30 


= 250, r = 


965.6 + 971.9 


968.8, 


gi = 187.5, go = 177.5, 


5 X 250 X 968.8 
187.5 - 177.5 


121,100. 


If the regenerator is to absorb 2000 pounds of the exhaust steam in five 
minutes during a period of sudden flux, 


2000 X 968.8 
187.5 - 177.5 


193,760. 


Theory of Steam Accumulators and Regeneratwe Processes: F. G. Gasche, Proc. 
Eng. Soc. Wes. Penn., Dec., 1912, p. 723. 



Fig. 279. Westinghouse Mixed-pressure Turbine. 


In the mixed-pressure turbine the transition from all low pressure 
to all high pressure, through all the conditions intermediate between 
these extremes, is provided for automatically by the turbine governor; 
a deficiency of low-pressure steam causes the high-pressure nozzles 
to open automatically. With this arrangement it is not necessary 
for purposes of economy to proportion exactly the low-pressure turbine 
to the amount of exhaust steam available, but within limits it may 
be made as large as the load demands. 

Mixed-pressure turbines have been constructed in single units as 
large as 10,000 kw. 

' The high- and low-pressure turbine is used when there is a sufficient 
supply of low-pressure steam to carry the load for a long period, say 
three or four months, and when for a similar period only high-pressure 
steam is available. When designed for this pressure range the tur- 
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bine does not operate at maximum efficiency at either the high- or the 
low-pressure condition. For this reason it is doubtful whether this 
arrangement results in better overall economy than two separate units, 
a high- and a low-pressure turbine. 

319, Advantages of the Steam Turbine. — The principal advantages 
of the steam turbine are: (1) low first cost; (2) low maintenance and 
attendance; (3) economy of space and foundation; (4) absence of oil 
in condensed steam; (5) freedom from vibration; (6) uniform angular 



Fig. 280. Section through a WesthighouHO Bleeder Type' Turbine. 


velocity, and (7) high efficiencies for large variations in load. The 
reciprocating engine is well adapted for pumping stations, compressor 
plants, hoisting engines, and the like, requiring low angular vekxdty, 
and for reversing service, but its place is being lapidly taken by iho 
steam turbine for alternating-current dynamos, centrifugal pumps and 
blowers requiring high angular velocity. The recent (l(W(4opm(mt of 
high-efficiency specKl-rcduction gearing makes it possible for th(‘. tur- 
bines to compete with the engines for low-specd work. In, facd; tlie 
geared turbine is rapidly replacing the engine for low-speed work. 

First Cost. ~Bce/<xmo of the various uses to which turbines aix^ ap- 
plied and on account of the extreme variation in design general rules 
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for approximating the cost of turbines are without purpose. Values 
based on rated capacity vary within such wide limits that average 
figures are apt to lead to serious error. In a general sense steam tur- 
bines are lower in first cost than steam engines of equivalent rated ca- 
pacity irrespective of size. Specific figures are given in Chapter XVIII. 

Maintenance and Attendance, — Although composed of a large num- 
ber of parts as compared with a reciprocating engine of the same capacity, 
there are few moving parts and rubbing surfaces. The only contact 
between rotor and stator is in the main bearings, and the problem of 
lubrication is therefore a simple one. The absence of pistons, stuffing 
boxes, dish pots, etc., reduces the cost of maintenance and attendance 
to a minimum and limits the possibility of leakage. See Chapter XVIII 
for specific figures. 

Economy of Space and Foundation, — The floor space required by 
practically all types of turbines is considerably less than the space 
requirements of piston engines. Vertical three-cylinder compound 
Corliss engines of the New York Edison type require the least floor 
space of any large slow-speed reciprocating engines, but take up about 
twice the space of a Parsons turbine installation of the same size. With 
non-condensing high-speed engines the comparative economy in space 
is less marked. The average space occupied by turbine units is approxi- 
mately } less than that of engine units of equivalent capacity, but specific 
cases may be cited in which the ratio varies widely from the average. 
In the modern central station the actual space reduction per kilowatt 
of plant rating is much less than that referred to the prime mover 
only because of the tendency toward less crowded conditions. 

The weight of the steam turbine is very small compared with a re- 
ciprocating engine of the same horsepower. The New York Edison 
engine and generators weigh more than eight times as much as a turbine 
installation of equal capacity. The turbine, for this reason, and also 
because of the total absence of vibration, requires a relatively light 
foundation. In many instances the foundation consists of steel beams 
with concrete arches sprung between them resting upon the floor, and 
the basement underneath may be used for the condenser instead of the 
massive foundation required for the reciprocating engine. Engines are 
seldom constructed in sizes above 5000 horsepower, whereas single 
turbine units of 30,000 kw. are not uncommon and a turbine 60,000 
kw. normal capacity is now being installed in the 74th Street Station 
of the Interborough Rapid Transit Co., N. Y. 

Absence of Oil in Condensed Steam, — As the steam turbine requires 
no internal lubrication, oil does not come in contact with the steam, 
a-nd the condensed steam from the surface condensers is available for 
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boiler-feeding purposes without purification. In many cases the re- 
use of condensed steam effects a large saving in cost of feed water and 
in expense for maintenance and cleaning of boilers. The amount of 
entrained air is reduced to a minimum and consequently the work of 
air pumps is lessened. 

ReguhxtioTi. — The variable pressure at the crank pin of a recipio- 
cating engine necessitates the use of a heavy flywheel to keep the in- 
stantaneous angular fluctuation within practical limits. In the steam 
turbine the motion is purely rotary and a flywheel is not necessary. 
In the former there are always instantaneous variations in velocity 
during each revolution, even with constant load, while in the latter the 
speed is practically constant. A number of published tests of Pat- 
sons and Curtis turbines show an ’average fluctuation of 2 per cent from 
no load to full load and 3 per cent from no load to lOO-per-ccnt over- 
load. Although closer regulation than this is possible, it is not deemed 
necessary, particularly in alternating-current work where a compara- 
tively wide range is desirable for parallel operation. 

Overload Capacity. — The overload capacity of any prime mover de- 
pends entirely upon the designation of the rated load. The maximum 
economy of the average piston engine lies between 0.7 aird lull load, 
and for this reason the rated load refers usually to this maximum eco- 
nomical load. Evidently if the engine is rated under its maximum 
possible output it is capable of overload. Under tlio existing system of 
rating the average piston engine is capable of operating with overloads of 
25 to 50 per cent. According to the old rating the steam turbine was 
capable of overloads ranging from 100 to 200 per cent and much con- 
fusion arose in determining the station load factor. Current i/Uihiuc 
practice gives as the normal rating the maximum continuous load which 
can be carried for 24 hours when under control of the primary valves. 
Through the agency of the secondary valves overloads of 50 i>(w cent or 
more are possible. The steam economy of the turbine is superior to 
that of the engine for overloads. Since all modern turbinew are dc^signc!d 
for a point of best steam’ consumption somewhere regardless of what, 
their rating may be, the actual rating means little. 

230. Efficiency and Economy of Steam Turbines. -- A g(uieral (“.om- 
parison of the water rates of piston engines and st,cam turbimw is very 
unsatisfactory because of the wide range in operating conditions. In 
a general son.se the piston engine is more economical in the u.s(! of Ht<iam 
than the turbine for non-condensing service and th('- reverse is true for 
high-pressure, high-vacuum condensing service, (lonchmsing engines 
of the uniflow or poppet-valve typo have shown superior economy 
(under favorable conditions) to the turbine for sizcH up to 3000 horse- 
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power and in some instances up to 5000 horsepower but heat economy 
is only one of the many factors entering into the ultimate cost of power. 
For sizes over 3000 horsepower the turbine is in a class of its own and 
piston engines above this size are seldom found in modem stationar}’* 
practice. A comparison of the curves in Fig. 215, showing typical 
economy curves of high-speed single-valve non-condensing engines, and 
of Fig. 283, showing the performance of non-condensing steam turbines, 
is somewhat in favor of the piston engine, the difference decreasing as the 
size of unit increases. A similar comparison of the performance curves 



Corrections for fractional loads. — Increase full load water rate as follows: J — 
20%; 1-0%; li — 5%. 

Corrections for initial pressures. — 175 lb. deduct 3%; 200 lb. deduct 5%; 125 lb. 
add 5%; 100 lb. add 10%; 75 lb. add 20%. ^ 

Corrections for increased back pressure. — Add for each lb. back pressure 200 lb. 
— 1%; 175 lb. — li%; 150 lb. — li%; 125 lb. — 2%; 100 lb.— 2^%; 75 lb.— 

Correction for superheat. — Subtract 1% for each ten degrees superheat up to 200 
degrees. 

Fig. 281. Average Water Rates of High-grade Small Non-condensing Steam 

Turbines. 

of compound single-valve, single-cylinder four-valve, and compound 
four-valve non-condensing piston engines with those of steam turbines 
of the same size show marked increase in economy in favor of the piston 
engine. For sizes between 2000 and 6000 horsepower there is little 
difference between the steam economy of the very best grade of piston 
engine and that of the turbine. Piston engines above 10,000 horse- 
power have not been built for stationary practice, hence a comparison 
with the turbine for larger sizes is impossible. The Manhattan type at 
the 74th Street Station of the Interborough Rapid Transit Company 
represents the largest piston engines (7500 kw.) ever constructed for 
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central station service. The heat consumption of these engines is 
considerably more than that of the modern turbo-generator of the 



Fig. 282. Performance of 30,000-kw. Westinghouse Compound Turbine, Inter- 
borough. Rapid Transit Co. 

same capacity. Tables 81 and 85 give the general conditions of op- 
eration and the steam consumption of exceptionally good piston engines 
of various sizes and types and Table 89 similar data of fiist-class tur- 

TABLE 89. 


PERFORMANCE OF THE MODERN STEAM TURBINE AT RATED CAPACITY. 
(Manufacturer’s Guarantee.) 


Index. 

Make of Turbine. 

Kated 

Capacity. 

R.P.M. 

Initial 

Pres- 

sure, 

Lb. 

Abs. 

Back 

Pres- 

sure, 

Tnehos. 

Super- 

boat, 

Des. 

Fabr. 

fjb. Steam 
Per 

Kw-br. 

Rnnkino 

CJytdo, 

Ratio. 

1 

Westinghouse 

500 Kw. 

3C00 

165 

2 0 

0 

19 S 

■ 

■53.0 

2 


1,000 “ 

3600 

165 

2 0 

0 

18.1 


•.58. 0 

3 

a 

5,000 “ 

1800 

165 

2.0 

0 

10. 0 


■65 6 

4 

(C 

15,000 “ 

1800 

215 

1.5 

125 

12.6 


71.0 

5 


30,000 “ 

1200 

235 

1.0 

200 

10.65 


■75.0 

6 

a 

45;000 

1200 

215 

1.0 

200 

10.65 


76.0 

7 

Cul'tis 

500 “ 

3000 

215 

2 0 

0 

18.5 


■54.0 

8 

u 

1,000 

3600 

215 

2.0 

0 

17 5 


57.1 

9 

a 

5,000 

1800 

215 

2.0 

125 

M.3 


•(il.o 

10 

(C 

15,000 ‘‘ 

1800 

215 

2.0 

125 

12.5 


■74.0 

11 

ti 

30,000 “ 

1200 

215 

2 0 

125 

12.2 i 


■75. <8 

12 

iC 

45,000 

1200 

215 

2.0 

125 

11.9 1 


•77.0 

13 ! 

Kerr 

25 Hp. 

3600 

165 

AU 

0 

$13 0 


:31.0 

14 

u 

50 “ 

3600 

165 

At 

0 

:1.38.0 


:34.2 

15 

it 

100 “ 

3600 

105 

At. 

0 

$32 0 


:4().0 

16 

1 a 

200 “ 

3600 

165 

At. 

0 

$29.0 

•1 

:44.9 

17 

a 

500 “ 

3600 

165 

At. 

0 

$27.0 

1 

:48.l 

18 

it 

750 “ 

3600 

165 

At. 

0 

$25.5 

1 

:51.0 

19 

li 

1,000 

3600 

165 

At. 

0 

$24,75 

1 

:57.5 

20 

it 

1,500 '' 

3600 

165 

At. 

0 

$24.0 

•1 

•1 

:59.l 


* Lower water nites than i.hose have boon guarantood for liighor presauroH and iinporhoai axid for jowor 
back proHsuroH. The gimranteod water rate for a 20,000-kw. Curtis turi>o-ia:enorutop at the liiver Plant 
of the BulTab General Electric Company ia 10,0 lb. per kw-br. for initial pressuro, 260 lb, back prow* 
sure 1 in., superheat 260 dog. fabr. 
t Based on electrical horsepower. 

I Based on dovmlojiod borsepowor. 
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bines. A study of these tables mil show that the choice must be based 
on other factors than the steam consumption. In a general sense the 
piston engine is superior to the turbine for high back pressures, slow 
rotative speeds, reversing seimce and heav}" starting torques, while 
the turbine has practically superseded the piston engine for large cen- 
tral station units and for auxiliaries requiring high rotative speed. 
Recent tests of geared turbines show exceptionally high efficiency for 
sizes as large as 10,000 hp., and it is not unlikely that the turbine 
equipped with this device will offset the low rotative speed factor of 
the piston engine. 

If the tests of steam turbines and piston engines could be made at 
some standard initial pressure, back pressure and quality or superheat, 
then a comparison could readily be made, but both types of prime 
movers are designed to give the best results for special operating con- 
ditions, and any marked departure from these conditions will result 
in loss of economy. It is frequently desired, however, to make a 
comparison between the economy of the different machines, and the 
following methods are in vogue : 

(1) Steam consumption under assumed conditions. 

(2) Heat consumption per unit output per minute above the ideal 
feed-water temperature. 

(3) Rankine cycle ratio. 

Steam Consumption under Assumed Conditions (Standard Correction 
Curves): This method for comparing engines or turbines or both is 
best illustrated by a specific example: 


Example 35. Compare the full-load performance of a 125-kilowatt 
direct-connected piston engine with that of a 125-kilowatt turbo- 
generator with operating conditions as follows: 



Steam Consump- 
tion, Lb- per 
Kw-hour. 

Initial Pres- 
sure, Lb 
Absolute, 

Vacuum, 
Inches of Hg. 

Superheat, 
Deg. Fahr. 

Engine 

25.0 

160 

25.5 

0 

Turbine . 

22 7 

no 

28.0 

125 


Manufacturers of steam turbines have provided correction curves as 
illustrated in Fig. 284, showing the influence of varying vacuum, super- 
heat and pressures on the steam consumption.* From curve 5, we 
find that the steam consumption of the turbine should be decreased 
2.5 pounds to give the equivalent at 160 pounds initial pressure; from 
curve A it should be increased 2.5 pounds to give the equivalent at 

* These curves are drawn to a much larger scale than the reproduction given here. 
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25.5 inches of vacuum, and from curve C it should be increased 2.5 
pounds to give the equivalent at 0 degree superheat. The full-load 
steam consumption for the turbine under the engine conditions is there- 
fore 22.7 — 2.5 + 2.5 + 2.5 = 25.2 pounds per kilowatt-hour. 

The ratio method is also used in this connection, thus: The full-load 
steam consumption at 160 pounds pressure, curve B, Fig. 284, is multi- 
25 

plied by the ratio to give the equivalent consumption at 110 pounds 

(25 is the steam consumption at 160 pounds and 27.5 the consumption 
at 110 pounds). Similarly, the correction ratio to change the con- 

25.5 

sumption at 28 inches of vacuum to 25.5 is , and to correct 125 


deg. fahr. superheat to 0 deg. fahr. is 


22.5* 


Summary. 


9 per cent. 


25 

Pressure correction = 0.91 = 
z / .0 

27.5 

Vacuum correction = 1.10 = 10 per cent. 

25 

Superheat correction = 1.11 = 11 per cent. 

ZZ,0 — 

Net correction 12 per cent. 


Corrected steam consumption = 22.7 -|- 0.12 X 22.7 = 25.4 pounds per 
kilowatt-hour. 

The ratio method is generally used if the difference between the 
corrected steam consumption and that of the correction curves for 
the same conditions is greater than 5 per cent (‘^The Steam Turbine,'' 
Moyer, p. 128). 

This ratio method for correcting steam consumption at full load may 
be used without appreciable error for half to one and one-half load and 
is the only practical method for quarter load. (Engineering, London, 
March 2, 1906.) 

Heat Consumpiion: 

The heat consumption B.t.u. per unit output per minute above the 
ideal feed-water temperature may be expressed 


W {Hi - ^2) 

60 


For the case cited above 


Engine, 

Turbine, 


25 (1194.1 - 98) 
60 

22.7 (1264.2 - 70) 
60 


455 B.t.u. 


451 B.tm. 
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Rankine Cycle Ratio: 

The Rankine cycle ratio, or the extent to which the theoretical possi- 
bilities are realized, may be expressed 


0.49. 

0.43. 

In the assumed case the turbine is the more economical in heat con- 
sumption, but the engine is the more perfect of the two as far as theo- 
retical possibilities are concerned. 

231. Influence of Superheat. — Theoretically, the gain in heat economy 
due to the use of superheat is the same for all prime movers of whatever 
type. In the actual mechanism the rate of improvement with increase 

Load in Thousands of Kilowatts -for Vacuum Correction only. 



50 70 90 110 130 150 170 190 210 230 


Superheat, Degrees Fahrenheit 

160 170 180 190 200 210 220 230 240 250 

Absolute Pressure— Lb, per Sqi. In. 

Fig. 285. Correction Factors for 30,000-kilowatt Westinghoasc Compound 

Turbines. 

of superheat differs with type and size. The gain in the reciprocating 
engine is due mainly to the reduction of cylinder condensation while 
in the turbine the improvement in economy is due primarily to the 
reduction in “windage” and other friction losses. In both typos the 
actual gain is much greater than in the perfect mechanism for pure 


For the case cited above 
Engine, 


Turbine, 


2546 X 1.34 
W {Hi - Hi) ■ 

2546 X 1.34 
25 (1194.1 - 915) 
2546 X 1.34 
22.7 (1264.2 - 915.3) 
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adiabatic expansion. In the ideal or frictionless high-pressure condens- 
ing turbine an increase of 35 deg. fahr. superheat effects an increase of 
about 1 per cent in thermal efl&ciency. In the actual turbine the steam 
consumption is improved 1 per cent for every 6 to 14 deg. fahr. super- 
heat. The advantage of superheat is greater with non-condensing than 
with condensing units and is even more marked with low-pressure units. 
In average practice the maximum temperature of the steam is ap- 
proximately 500 deg. fahr., but in large central stations temperatures 



Fig. 286. Influence of Superheat on Overall Economy of Operation. 

of 600 degs. are not uncommon and a number of recent installations are 
designed for total steam temperature of 700 deg. fahr. The General 
Electric Company is prepared to design Curtis turbines for temperatures 
as high as 800 deg. fahr. should the demand warrant such high tem- 
peratures. The higher the initial temperature the greater will be the 
investment cost and a point is eventually reached where the increased 
fixed charges will offset the gain in heat economy. This is illustrated 
in Fig. 286, the curves of which though based on a specific case are 
applicable in general principle to all cases. The influence of superheat 
on the economy of a 30,000-kw. turbo-generator is illustrated in Fig. 285. 
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Influence of High Initial Pressure. — The theoretical gain due 
to increase in initial pressure has been discussed in paragraph 179. 
In view of the marked improvement in heat economy for very high 
initial pressures it is only a matter of time when pressures far above the 
present maximum vill be a matter of everyday practice. It seems 
that the only difficulty in the way of very high pressures is the boiler. 
There is no particular mechanical obstacle in designing the turbine 
since it simply means the use of heavier parts for the extremely high 
pressure end and a somewhat increased cost of construction. Because 

of the increased density of high- 
pressure steam the windage and 
friction losses would be correspond- 
ingly increased in the high-pressure 
stages and the dew point with its 
attending losses would be advanced 
farther up in the turbine. Just 
what will be the economical limit 
cannot be predicted with any de- 
gree of certainty. In case of ma- 
chines of 20,000-kw. capacity or 
more intended for operation in 
large power houses when the units 
are running at or near their most 
efficient load, considerable invest- 
ment is warranted for the sake of 
a comparatively small actual gain 
in heat consumption and conse- 
quently the tendency is toward 
high pressures and temperatures. 
For example, a number of recent 
installations call for a working 
pressure of 290 lb. per sq. in. abs. with superheat of 275 deg. fahr. cor- 
responding to a temperature of 590 deg. fahr. The new turbine for the 
Joliet station of the Public Service Company of Northern Illinois is 
designed for 365 lb. absolute pressure with superheat of 225 deg. fahr. 
Designs are now being perfected for pressures as high as 500 pounds 
and even higher pressures have been considered. 

3^3. Influence of High. Vacua. — The possible economy of the recipro- 
cating engine is greatly restricted by its limited range of expansion. 
Cylinders cannot be profitably designed to accommodate the rapid 
increase in the volume of steam when expanded to very low pressures. 
For example, the specific volume of 1 pound of steam under a vacuum of 



Fig. 287. Distribution of Heat during 
Adiabatic Expansion; Initial Pressure 
15 lb. Absolute; Saturated. 
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29 inches (referred to a 30-inch barometer) is about 667 cubic feet or 
nearly double its volume under a vacuum of 28 inches. Usually the 
exhaust is opened at a pressure of 6 or 8 pounds absolute and con- 
sequently a large proportion of the available energy is lost. The lower 
vacuum in the exhaust pipe, therefore, seiwes only to diminish the 
back pressure and does not affect the completeness of expansion. 
Even if it were practical to expand to 1 pound absolute, the increased 
condensation in the reciprocating engine would probably offset any 
gain due to expansion unless the steam were highly superheated. A 
study of a number of tests 
of reciprocating engines 
shows but a slight im- ^ 
provement in overall plant I i4 
economy due to increas- | 
ing the vacuum beyond 26 ^ | 
inches. Tests of steam tur- 
bines show a decrease in "is 
steam consumption of s'" ^ 
about 5 per cent for each | 
inch of vacuum between | ^ 

25- and 27-inch vacuum, 2 
6 per cent between 27- and ^ 

28-inch and 8 to 12 per 
cent between 28- and 29- 

O p 

inch. These values are ap- || 4 
proximate only since the 
influence of vacuum on the 
steam consumption varies 
greatly with the type and 
size of turbine. 

Since the volume of the steam increases very rapidly with the de- 
crease in back pressure the corresponding capacity and power required 
by the air and circulating pumps becomes proportionately larger. 
There is consequently a point where the improvement in steam economy 
fails to exceed the increased power demanded by the auxiliaries. This 
is illustrated graphically in Fig. 288. The values in Fig. 288 refer to 
a specific case only but the general principle is the same for all conditions. 
In the older types of condensing equipment the cost of maintaining the 
vacuum above 27 inches, referred to a 30-inch barometer, increased 
very rapidly with the increase in vacuum. In the modern plant vacua 
amounting to 97 per cent of the theoretical maximum (as determined by 
the temperature of the cooling water) are readily maintained with ex- 


A 

B 

C 

D 

Actual reduction at turbine 

!Tet reduction m fuel consumption 

Squated cost of maintaining the higher vacuum 
Final plant improvement 
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cessive cost. This influence of vacuum on the economy of a 30,000-kw. 
turbo-alternator is shown in Fig. 285. 

334. Tesla Bladeless Turbine. — Fig. 289 shows a section through a 
200-horsepower experimental turbine designed by Nikola Tesla. It 
consists of a rotor composed of 25 steel disks (each inch thick and 
arranged on the shaft so that the length of the shaft covered by the 
disks is approximately 3.5 inches) revolving in a plain cylindrical casing. 
There are no guide plates or vanes and the viscosity and adhesion of the 
steam is depended upon for driving the rotor instead of impulse and 
reaction as in the standard type of turbine. Steam flows from the 
circumference to the center, and, when the rotor is at rest, flows by a 
short curved path, as indicated by the line in the end view, across the 



Fig. 289. Tesla Bladeless Turbine. 


face of the disk. When the rotor is up to speed the steam passes to 
the exhaust in a spiral path from 12 to 16 feet in length. Since the 
direction of rotation is determined solely by the direction of the entering 
jet it is only necessary to change the direction of the latter to effect 
complete reversal of the rotor. Mr. Tesla states that a 200-horscpower 
turbine of this type has attained a performance of 38 pounds per horse- 
power hour, initial pressure 125 pounds gauge, atmospheric exhaust, 
9000 r.p.m. (Prac. Engineer, U. S., Dec., 1911, p. 852.) The space 
occupied by this unit is only 2 feet by 3 feet and 2 feet high and the 
weight of the engine alone is 2 pounds per horsepower developed. 
This device has never been commercialized. 

335. “Spiro” Turbine. — Fig. 290 gives the general details of a 
high-speed rotary steam engine which has been erroneously classified 
by its builders as a turbine. It consists essentially of a pair of her- 
ringbone gears revolving in a twin cylindrical casing. Steam enters 
space a, Fig. 295, through ports pp and presses upon the gear teeth, 
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driving them forward. The volume is increased from that indicated 
at a to that shown at h, c, d, e, and / and the energy produced is the 
product of the pressure and volume. Exhaust occurs when the ends 
of the grooves in which the action lies pass the line of contact so that 



Fig. 290. The “ Spiro ” Turbine. 


they are no longer closed by the teeth of the opposite gear. The load 
may be varied by throttling or by cutting off the steam supply. The 
Spiro is built in various sizes ranging from 1 to 200 horsepower and 
operates at 2000 to 3000 r.p.m. The following tests give an idea of the 
economy effected by this type of motor. (Power, Feb. 6, 1912, p. 188.) 



Test 1. 

Test 2. 

Boiler pressure, pounds gauge 

120 

130 

Inlet pressure, pounds gauge 

101.5 

115 

Back pressure, pounds gauge 

Atmos. 

Atmos. 

Horse power developed 

25.3 

151 

R.p.m 

2450 

2710 

Steam, pounds per horse-power hour 

53.2 

31.8 



PROBLEMS. 

1. Steam expands adiabatically in a frictionless nozzle from an initial pressure 
of 200 lb, per sq. in. absolute, superheat 200 deg. fahr., to a back pressure of 1 in. 
absolute, weight discharged 7200 lb. per hr.; required: 

а. Velocity of the jet at the throat. 

б. Maximum spouting velocity. 

c. Diameter of the throat. 

d. Diameter of the mouth. 

e. Quality of the steam at the mouth. 

2. If the jet in Problem 1 impinges tangentially against a set of moving vanes 
and leaves them with residual velocity of 500 ft. per second, required: 

a. Velocity of the vanes, neglecting all friction and leakage losses. 

1), Horsepower imparted to the rotor. 
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c. Pressure exerted against the vanes. 

d. Impulse efficiency of the jet. 

e. Water rate, lb. per hp-hr. 

3. Same conditions and requirements as in Problems 1 and 2 except that the 
energy-efficiency is 94 per cent and the loss of energy between inlet and exit of the 
vanes is 15 per cent. 

4. If the nozzle in Problem 1 is to be used in connection with a multi-pressure 
steam turbine, required the theoretical number of stages necessary for a peripheral 
velocity of 500 ft. per sec. Jet impinges tangentially against the rotor and all of 
the available energy is absorbed in driving the rotor. 

5. A single-stage impulse turbine (De Laval t5q>e) develops 200 hp. under the fol- 
lowing conditions: Initial pressure 153 lb. abs., back pressure 4 in. abs., superheat 
50 deg. fahr., water rate 14.4 lb. per hp-hr., nozzle angle 20 deg., peripheral velocity 
of the rotor 1200 ft. per sec. Required: 

а. Thermal efficiency. 

5. Rankine cycle ratio. 

c- B.t.u. per hp. per minute. 

б. Construct the theoretical velocity diagram for the conditions in Problem 5 
and sketch in the blade outlines. 

7. Construct the theoretical velocity diagram for a 750-hp., 2-stage Curtis turbine 
operating under the following conditions: Initial pressure 175 lb. abs., superheat 
150 deg, fahr., back pressure 2 in. abs., Rankine cycle efficiency 65 per cent, nozzle 
angle 20 degs., peripheral velocity 500 ft. per sec. Each stage consists of two ro- 
tating elements and one stationary element. 

8. Construct the velocity diagram and calculate the work done per stage in a 
frictionless reaction turbine for the following conditions: Heat drop per stage, 
16 B.t.u. per lb. of steam, peripheral velocity to be the maximum theoretically pos- 
sible for the given conditions, exit angle 30 degs., entrance angle 0. 

9. Determine the weight of water to be stored in a regenerator to operate a 1000- 
hp. exhaust steam turbine for 6 minutes if the steam supply is entirely cut off; 
pressure drop 15 to 12 lb. abs., turbine water rate 28 lb. per hp-hr. 
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CONDENSERS 

3S6. General. — The primary object of condensing is the reduction 
of back pressure although the recovery of the condensate may be of 
equal importance. If a given volume of saturated steam be confined 
in a closed vessel abstraction of heat will result in condensation of part 
of the vapor with a corresponding drop in temperature and pressure. 
The greater the amount of heat abstracted the greater will be the 
amount condensed and the lower will be the temperature and pressure. 
All of the vapor can never be condensed in practice since this would 
necessitate a lowering of the temperature to absolute zero or 492 de- 
grees below the fahrenheit freezing point; consequently, the pressure 
can never be reduced to zero. With water as the cooling medium 
the minimum temperature to which the vapor can be reduced is 32 
deg. fahr. corresponding to a pressure of 0.0886 lb. per sq. in. or 0.1804 
in. of mercury. This represents, therefore, the lowest condenser pres- 
sure possible in practice. Condensing results in reduction of pressure 
only when the vapor is contained in a closed vessel. Thus if the vessel 
is open to the atmosphere heat abstraction will result in condensation 
but the pressure will not fall below that of the atmosphere. 

The standard atmospheric pressure at sea level and at latitude 45 
degrees is 14.6963 lb. per sq. in., corresponding to a ihercury column 
29.921 inches in height, temperature of the mercury 32 deg. fahr. 
For any other temperature there will be a corresponding height of 
column because of the expansion or contraction of the mercury. Steam 
tables are based on a standard pressure of 29.921 inches of mercury 
at 32 deg. fahr. and for this reason it is convenient to transfer the 
observed barometer and mercurial vacuum gauge readings to the 
32-degree standard. 

The mercury column correction for any change in temperature 
may be closely approximated by the equation 

h = hi [1 - 0.000101 ih - t)l (192) 

in which 

h = height of mercury column corrected to temperature t, 

hi = observed height of mercury column, 
ti = observed temperature of mercury column, 
t == temperature to which column is to be referred. 
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Example 36. If the height of mercury in a vacuum gauge is 28.52 
inches, temperature 80 deg. fahr., and the barometer column is 29.85 
inches in height, temperature 62 deg. fahr., transfer the readings to 
the 32-degree standard. 

For the barometer: 

h = 29.85 [1 - 0.000101 (62 - 32)] 

= 29.77. 

For the vacuum gauge: 

h = 29.52 [1 - 0.000101 (80 - 32)] 

= 28.37. 

Absolute back pressure = 29.77 — 28.37 = 1.40. 

Vacuum referred to 32-deg. standard = 29.92 — 1.40 = 28.52. 

In condenser work it is common practice to refer the reading of the 
vacuum gauge to a 30-inch barometer, in which case it is necessary 
to increase the standard temperature of the mercury to such a figure 
as will increase the height of the barometer from 29.921 to 30 inches; 
viz., 58-15 deg. fahr. Thus, if the barometer and vacuum gauge read- 
ings are corrected to a temperature of 58.15 deg. fahr. the difference 
between the figures will give the absolute pressure in inches of mer- 
cury at 58.15 deg. fahr., and if the difference is subtracted from 30 
inches the result will give the inches of vacuum referred to a 30-inch 
barometer. According to A.S.M.E., 1915 Power Code, a 30-inch 
barometer refers in round numbers to a standard atmosphere with 
mercury at an ordinary temperature of 78 degrees. 

Example 37. Height of mercury in vacuum gauge 28.52 inches, 
temperature of mercury 80 deg. fahr., barometer 29.85 inches, tem- 
perature 42 deg. fahr.; determine the vacuum referred to a 30-inch 
barometer. 

For the vacuum gauge 

h = 28.52 [1 - 0.000101 (80 - 58.15)] 

= 28.46. 

For the barometer 

h = 29.85 [1 - 0.000101 (42 - 58.15)] 

= 29.9. 

Absolute pressure in inches of mercury at temperature 58.15 deg. 
fahr. 29.9 - 28.46 = 1.44. 

Vacuum referred to 30-inch barometer = 30 — 1.44 = 28.56. 

According to Dalton^s Laws: (1) The mass of a given kind of vapor 
required to saturate a given space at a given temperature is the same 
whether the vapor is all by itself or associated with vaporless gases; 
(2) the maximum tension of a given kind of vapor at a given tempera- 
ture is the same whether it is all by itself or associated with vaporless 
gases; (3) in a mixture of gas and vapor the total pressure is equal to 
the sum of the partial pressures. The final pressure is therefore 
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the combined pressure of the air Pa and that of the water vapor P«, or, 

assuming complete saturation, 

Pc = Pa + P«. (193) 

According to the laws of Boyle and Charles the volume, pressure 
and temperature relation of an ideal gas is 

PV 

= constant ( = 53.34 for dry air) (194) 

in which 

P = absolute pressure of the air, lb. per sq. ft., 

V = volume of one pound, cu. ft., 

T = absolute temperature, deg. fahr. 

Since 1 lb. per sq. ft. = 0,016 in. of mercury at 32 deg. fahr., equation 
(194) may be conveniently expressed 

^ = 0.755 (195) 

in which 

Pa = absolute pressure, in. of mercury. 

By means of equations (193) and (195) all problems involving a satu- 
rated mixture of air and water vapor may be readily solved. See 
Chapter XXV for a discussion of the properties of dry, saturated and 
partially saturated air. 

I M Example 38. If the absolute pressure in a condenser is 4 inches of 
mercury and the temperature of the air-vapor mixture is 100 deg. fahr., 
required the percentages of air by weight in the noixture. 

From steam tables the pressure of vapor corresponding to a tem- 
perature of 100 deg. fahr. is 1.93 inches of mercury. 

Hence, from equation (193), 

Pc == Pa + Pvj 
4 = Pa H- 1.93, 

Pa = 2.07. 

Let V = volume of the condenser chamber, cubic feet. 

Then 0.00285 v = weight of vapor in the chamber (0.00285 == den- 
sity of water vapor at 100 deg. fahr.), and 

0.08635 X X 0.00491 v = weight of dry air in the 

chamber. (0.08635 = density of air at 0 deg. fahr. and 29.92 inches of 
mercury pressure.) 

The total weight of the mixture is 

0.00285 V + 0.00491 v = 0.00776 v, 

and the percentage of air in the mixture is 

0.00491 V ^ o X 

0.06776 y ^ or 63.2 per cent. 
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Curve A, Fig. 291, shows the influence of vacuum on the percentage 
of air in the air-vapor mixture for a constant air pressure of 0.1 in. 
Curve By Fig. 291, shows the difference between the temperature of 

saturated vapor correspond- 
ing to the total pressure in 
the condenser to that of the 
actual vapor for various 
vacua with constant air pres- 
sure of 0.1 in. 

For data pertaining to the 
amount of air carried into 
condensers see paragraphs 
306-9. 

Example 39. If the tem- 
perature within a condenser 
is 110 deg. fahr. and there 
is entrained with the steam 
0.2 of a pound of air per 
pound of steam, required the 
maximum degree of vacuum 
obtainable. 

One pound of saturated 
steam at a temperature of 110 deg. fahr. occupies a volume of 265.5 
cu. ft. The corresponding vapor tension is 2.589 in. of mercury. This 
must also be the volume occupied by 0.2 pound of air mixed with it 
and the temperature of the air is that of the vapor (110 deg. fahr.). 
Then from equation (195), 

^ 0.755 X (110 +460) , 

= 265~5~^~1o~ 2 ~ mercury. 
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Figt. 291. Percentage of Air in Mixture and 
Difference of Temperatures Corresponding to 
Total Pressure and that Actually Existing, for 
Constant Air Pressure of 0.1 in. 


From equation (194) 

^ _l_ p^ 

= 0.322 + 2.589 == 2.911 in. of mercury. 

And the vacuum 


= 29.921 — 2.911 = 27.01 in. of mercury. 

If no air were present the maximum vacuum would be 
29.921 — 2.589 = 27.332 in. of mercury. 

The lower the temperature of the vapor the greater will be the in- 
fluence of the air, thus, if the temperature in the preceding problem 
were 80 deg. fahr. the pressure of the air would be 0.306 and that of 
the vapor would be 0.505. The ill effects from air entrainment at 
low vacua are apparent. 


Air in Condensers: Power, Feb. 29, 1916, p. 291; June 13, 1916, p. 834, Mar. 14, 
1916, p. 376: Elec. Wld., July 8, 1916, p. 84; Jour. A.S.M.E., Feb., 1916, p. 190. 


A condenser is a device in which the process of condensation and 
subsequent removal of the air and condensed steam is continuous, the 
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degree of vacuum obtained depending upon the tightness of valves and 
joints j the quantity of entrained air, and the temperature to which the 
condensed steam is reduced. 

The degree of vacuum may be expressed in different ways. (1) Ex- 
cess of the atmospheric pressure over the observed vacuum. For 
example, a 26-inch vacuum implies that the pressure of the atmosphere 
is 26 inches of mercury above the pressure in the condenser. (2) Per 
cent of vacuum, by which is meant the ratio of the observed vacuum to 
the atmospheric pressure. Thus, with the barometer standing at 30 
inches, a vacuum of 26 inches may be expressed as 100 X f | = 86.6 
per cent vacuum. This method of expression gives an idea of the 
efficiency of the condensing system. For example, the degree of 
vacuum indicated by 26 inches would be 93 per cent with a barometric 
pressure of 28 inches but only 84 per cent when the barometer reads 
31 inches. (3) Absolute pressure. Thus a 26-inch vacuum referred to 
a 30-inch barometer would be indicated as a pressure of 30 ~ 26 = 4 
inches absolute, or 1.99 pounds per square inch. 

The place of measurement of the vacuum should be stated since the 
lowest back pressure will be found at the air-pump suction, a higher 
pressure in the body of the condenser and the highest at the prime mover 
exhaust nozzle. 


Effect of Aqueous Vapor upon the Degree of Vacuum. — The 

futility of attempting to better the vacuum by exhausting the vapor is 
best illustrated by a specific example. 

Example 40. Required the volume of aqueous vapor to be with- 
drawn per hour from a condenser operating under the following condi- 
tions, in order that the vacuum may be increased one pound per square 
inch: Temperature of discharge water 125 degrees; corresponding 
vapor tension 4 inches of mercury; barometer 30 inches; relative 
vacuum 26 inches; horsepower 100; steam consumption 20 pounds per 
horsepower-hour; cooling water 25 pounds per pound of steam condensed. 

100 X 20 X 25 = 50,000 pounds of cooling water per hour. 

= 833 pounds of cooling water per minute. 


Now to increase the vacuum one pound per square inch, approxi- 
mately 2 inches of mercury, the temperature of the water must be 
lowered to 102 deg. fahr., that is, 833 (125 — 102) = 19,159 B.t.u. 


must be abstracted from the water in one minute, or 


19,159 


pounds of water to be evaporated per minute. (1030 = average heat 
of vaporization of water under 26 to 28 inches of vacuum.) Now, one 
pound of vapor at 102 to 125 deg. fahr. has an average volume of 270 
cubic feet. 


Therefore 18.6 X 270 = 5022 cubic feet of vapor must be exhausted 
per minute to increase the vacuum from 26 to 28 inches, which while 
not impossible is manifestly impracticable for condenser practice. 

In the Westinghouse-Leblanc refrigerating system cooling is effected 
by the withdrawal of aqueous vapor by means of an air pump. 
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^28. Gain in Power due to Condensing. — The advantages to be 
gained by decreasing back pressure may be most readily illustrated 
by the following example: 

Example Al, A non-condensing engine taking steam at a pressure 
of 100 pounds absolute and cutting off at one-quarter stroke will have, 
theoretically, a mean effective pressure on the piston of 44.6 pounds 
per square inch, the back pressure being 14.7 pounds per square inch 
absolute. If the engine exhausts into a condenser against a 26.5-inch 
vacuum (1.7 pounds absolute) the mean effective pressure will be in- 
creased to 44.6 -1- (14.7 — 1.7) = 57.6 pounds per square inch, resulting 
in a gain in power which may be expressed 

^ ss^ood' 

in which 

Hp. = horsepower gained, 

Pr = reduction in back pressure, pounds per square inch, 

A = area of the piston in square inches, 

S = piston speed in feet per minute. 

If P = mean effective pressure on the piston when running non-con- 
densing, the percentage of increase of power may be expressed 

Per cent = 100 • (197) 

In the above example the percentage of power gained would be 

13 

100 jj-z = 29.2 per cent. 

44.6 ^ 

The actual gain due to the use of the condenser would be much 
less than this, depending upon the type of engine and conditions of 
operation. 


TABLE 90. 

PRESSURE OF AQUEOUS VAPOR IN INCHES OF MERCURY FOR EACH DEGREE P. 

(Marks and Davis.) 



0° 

lO 

2° 

3° 

4° 

5 ° 

6° 

7 ° 

go 

90 

30° 



.180 

.188 

.195 

203 

212 

220 

229 

238 

40° 

.248 

.257 

.268 

.278 

.289i 

^300 

.312 

I324 

!336 

.349 

50° 

.362 

.376 

,390 

.406 

.420 

.436 

.452 

.468 

.486 

.503 

60° 

.522 

.541 

.560 

.580 

.601 

.622 

.644 

,667 

.690 

.714 

70° 

.739 

.764 

.790 

.817 

.845 

.873 

.903 

.964 

.996 

1.03 

80° 

1.03 

1.06 

1.10 

1.13 

1.17 

1.21 

1.25 

1.30 

1.33 

1,37 

90° 

1.42 

1.46 

1.51 

1.55 

1.60 

1.65 

1.71 

1.76 

1.81 

1.87 

100° 

1.93 

1.98 

2.04 

2.11 

2.17 

2.24 

2.30 

2.37 

2.44 

2.51 

110° 

2.60 

2.66 

2.74 

2.82 

2.90 

2.99 

3.07 

3.16 

3.25 

3.34 

120° 

3.44 

3 53 

3.63 

3.74 

3.84 

3.95 

4.06 

4.17 

4.28 

4.40 

130° 

4.52 

4.64 

4.76 

4.89 

5.02 

5.16 

5.29 

5.43 

6.58 

5.73 

140° 

5 88 

6.03 

6.18 

6.34 

6.61 

6.67 

6.84 

7.02 

7.20 

7.38 
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With steam turbines the advantage gained by reduction of back 
pressure is more marked than with the reciprocating engine, though 
theoretically the same for the same range of expansion. Initial con- 
densation, leakage past valves, and other sources of loss prevent a 
reciprocating engine from benefiting from a good vacuum to the same 
extent as a turbine. See paragraph 223. 

Referring again to the example given above, if the steam is cut off at 
about one-sixth stroke, the work done when running condensing will be 
the same as when running non-condensing and cutting off at one-quarter. 
Theoretically the steam consumption will be decreased nearly in pro- 
portion to the reduction in cut-off. Generally speaking, a condensing 
engine will require from 20 to 30 per cent less steam for a given power 
than a non-condensing engine. (See results of engine tests, paragraph 
181.) This decrease in steam consumption is only an apparent one. 
If steam is used by the auxiliaries in creating the vacuum, the amount 
must be added to that consumed by the engine, unless the steam ex- 
hausted by the former is utilized to warm the feed water, in which case 
only the difference between the heat entering the auxiliaries and that 
returned to the heater should be charged against the engine. The power 
necessary to operate the condenser auxiliaries varies from one to six 
per cent of the main engine power, depending upon the type and con- 
ditions of operation. 

In power plants where the exhaust steam is not used for heating or 
manufacturing purposes, the engines are almost invariably operated 
condensing, provided there is an abundant supply of cooling water. 
Even if the water supply is limited, it is often found to be economical 
to use some artificial cooling device, notwithstanding the high first cost 
and cost of operation of the latter. 

Some of the considerations affecting the propriety of running condens- 
ing and the choice of condensing systems are taken up in paragraph 249. 


OlassMcation of Condensers. — The following is a classification 


of a few well-known condensers: 


Parallel current (a). 


1. Jet condensers — 


Counter current (6) 


2. Surface condensers 


Water cooled (a) . 

Air cooled (6) 

Evaporative (c) . . . 


Standard low 
level 


( Worthington. 
< Blake. 

( Deane. 


' Spton.- . liSgr"" 

I 1 ISl: 

j SSger. 

( LeBlanc. 

. High vacuum . . . < Wheeler. 

( Worthington. 

( Single-flow Baragwanath. 

] Double-flow Wheeler. 

( Multi-flow Wainwright. 

{ Forced draft Fouche. 

( Natural draft Pennell. 

Ledward. 


Condensers may be divided into two general groups : 

1. Jet condensers, in which the steam and cooling water mingle and 
the steam is condensed by direct contact, Figs. 292 to 300. 
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2. Surface condensers, in which the steam and cooling medium are 
in separate chambers and the heat is abstracted from the steam by con- 
duction, Figs. 305 to 309, 

Jet condensers may be further grouped into two classes, according to 
the direction of flow of the air and cooling water: 

(а) Parallel-current co7idensers, in which the condensed steam, cool- 
ing water, and air flow in the same direction, collect at the bottom of 
the condenser chamber, and are exhausted by a suitable pump, Fig. 292. 

(б) Counter-current condensers, in which the cooHng water and con- 
densed steam flow from the bottom of the chamber, while the air is 
drawn off at the top, Fig. 301. 

Parallel-current condensers may be subdivided into three classes: 

(1) Standard condensers, in which the cooling water, condensed steam, 
and air are exhausted by a vacuum pump. Fig. 292. 

(2) Siphon condensers, in which the cooling water, condensed steam, 
and air are exhausted by a barometric column. Fig. 297. 

(3) Ejector condensers, in which the condensed steam and air are 
exhausted by the cooling water on the ejector principle, l<ig. 298. 

Surface condensers may be classified according to the nature of the 
cooling medium as 

{a) Water-cooled condensers. 

(5) Air-cooled-condensers. 

(c) Evaporative condensers, in which the condensation of the steam is 
brought about by the evaporation of a fine stream of water trickling on 
the surface of the tubes. 

230. Standard Low-level Jet Condensers. — Fig. 292 shows a sec- 
tion through a Worthington jet condenser, illustrating the low-level 
type in which the condensing water is drawn into the apparatus by the 
vacuum. When the pump is started a partial vacuum is created in 
the suction chamber above the valves H, H in the cone F. As soon as 
sufficient air has been exhausted, cooling water enters at B with a 
velocity depending upon the degree of vacuum in chamber F and the 
suction head, and is divided into a fine spray by the adjustable serrated 
cone D. The spray mingles with the exhaust steam entering at A 
and both move downwards with diverse velocities. The steam gives 
up its heat to the water and condenses. The velocity of the steam 
diminishes in its downward path to zero, while the velocity of the water 
increases according to the laws of falling bodies. The condensed steam, 
cooling water, and air collect at the lower part of the condenser and are 
exhausted by the wet air pump G, from which they are forced through 
opening J to the hot well. The vacuum in chamber F will depend upon 
the vapor tension of the warm water in the bottom of the well, the 
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amount of air carried along by the cooling water and steam, and the 
tightness of valves and joints. In case the water accumulates in 
the condenser cone F, either by reason of an increased supply or by a 
sluggishness or even stoppage of the pump, the condensing surface is 



reduced to a minimum, as soon as the level of the water reaches,. the 
spray pipe and the spray becomes submerged, and only a small annular 
surface of -.water is exposed to the exhaust steam. The vacuum is 
immediately broken, and the exhaust steam escapes by blowing through 
the injection pipe and through the valves of the pump and out the dis- 
charge pipe at J, forcing the water ahead of it; consequently flooding of 
the steam cylinder cannot occur. In starting up the condenser a partial 
vacuum for inducing a flow of injection water into the condenser cham- 
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ber may be created by the pump if the suction lift is not too great. 
Many engineers, however, prefer to install a small forced injection or 
priming pipe the function of which is to condense sufficient steam to 
produce the necessary partial vacuum. 

Fig. 293 shows a section through the condensing chamber and air 
pump of a Blake vertical jet condenser with an automatic vacuum- 
breaking device. The injection water enters at opening marked 'injec- 
tion’^ and flows through the adjustable "spray” nozzle in a fine spray. 



Fig. 293. Section through a Blake Jet Condenser. 


at an angle of about 45 degrees, and impinges on the conical sides of the 
upper condenser chamber. The spray falls from the sides to the pro- 
jecting ledges shown in the illustration. The ledges prevent the spray 
from falling directly to the bottom of the chamber and insure an efficient 
mingling of steam and cooling water. A perforated copper plate is 
substituted for the shelves when the force of the injection water is not 
sufficient to produce spray. The circulating water and condensed 
steam together with the non-condensable gases are drawn off at the 
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bottom of the chamber. The vacuum-breaking device is shown at the 
right of the figure. When the rising water reaches the level of the float 
chamber, as in the case of an accidental stoppage of the air pumps, the 
float is raised and forces a check valve from its seat and allows an inrush 
of air to break the vacuum, thus preventing further suction of water 
into the condenser and consequent flooding of the engine. A is the 
forced injection or “priming'^ inlet used in starting up when the suction 
lift is considerable. 

331. Injection Orifice. — The velocity of water entering a jet con- 
denser, neglecting friction, may be determined from the equation 

V = V^, (198) 

where 

V = velocity of the water in feet per second, 

g = acceleration of gravity = 32.2, 

h = total head in feet. 

If p = pressure below the atmosphere in pounds per square inch, 
hi — distance in feet between the source of supply and the injection 
orifice, 

then A = 2.3 p zh Ai, (199) 

and equation (198) may be written 

V = 8.025 V2.3p±hi. (200) 

If the supply is under pressure, hi is positive; if under suction, it is 
negative. 

Example 42. What is the theoretical velocity of water entering a con- 
denser with 26-inch vacuum (referred to 30-inch barometer); suction 
head 8 feet? 

Here p = pressure in pounds per square inch, corresponding to 26 
inches of mercury = 12.8 pounds per square inch. 

hi = 8 . 

V = 8.025 V2.3 X 12.8 - 8 
= 37.1 feet per second 
= 2226 feet per minute. 

In proportioning the injection orifice in practice the maximum 
velocity of flow is assumed to be between 1500 and 1800 feet per minute, 
or, approximately, area of injection orifice in square inches = weight of 
injection water in pounds 650 to 780. (^^Manual of Marine Engineer- 
ing, Seaton, p. 204.) A rough rule gives area of orifice = area of low- 
pressure piston in square inches 250. (Seaton, p. 204.) 

333. Volume of the Condenser Chamber. — According to Thurston 
the volume of a jet" condenser should be from" one fourth to one half 
that of the low-pressure engine cylinder. ('^ Steam Engine Manual,” 
Thurston, 11, 127.) 
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According to Hutton the volume should not be less than that of the 
air pump and should approximate three fourths that of the engine 
cylinder in comniunication with it. 

233* lajection and Bisctiarge Pipes. — In practice the diameter of 
the injection pipe is based on a velocity of 400 to 600 feet per minute 
and that of the discharge pipe of 200 to 400 feet per minute; the lower 
figures for pipes under 8 inches in diameter, the upper range for larger 
diameters. 

(Atmospheric relief valves. — See paragraph 363.) 

234. High-vacuum Jet Condensers. — The standard low-level jet con- 
denser is not suitable for high vacua because of the limited air capacity 



Fig. 294. Westinghouse-Leblanc Multi-jet High-vacuum Condenser System. 

of the combined air and circulating-water pump. Even with a tight 
system considerable air is carried into the condenser with the circu- 
lating water and efficient removal of the air necessitates a larger pump 
capacity than is usually furnished with this type of condenser. Low- 
level jet condensers may be operated with a high degree of vacuum by 
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equipping them with independent air and circulating pumps. Ex- 
amples of this type of jet condenser are illustrated in Figs. 294 to 296. 
Referring to Fig. 294 which gives several views of the Leblanc type of 
condenser, steam enters the condensing chamber as indicated and meets 
the cooling water injected through spray nozzle C. The condensed 
steam and injection water faU to the bottom of the vessel and are re- 
moved by centrifugal pmnp M. Air saturated with water vapor is with- 
di’awn by centrifugal air pump P through suction opening 0. Re- 
ferring to section NN through the air pump it will be seen that this 
device consists primarily of a reverse Pelton wheel in conjunction 



Fig. 295. C. H. Wheeler Low-level, High-vacuum Jet Condenser. 


with an ejector. Sealing water is introduced through the branch 
indicated by dotted outline into the central chamber G from which 
it passes through port H, It is then caught up by the blades P of the 
Pelton wheel, which is rotated at a suitable speed, and ejected into the 
discharge cone in the form of thin sheets having a high velocity. These 
sheets of water meet the sides of the discharge cone and thus form a 
series of water pistons, each of which entraps a small pocket of air and 
forces it out against the atmospheric pressure. In passing through the 
air pump the sealing water receives practically no increase in temperature, 
hence the same water may be used over and over again. The air pump 
rotor and main pump runner are enclosed in a common casing mounted 
on the same shaft. There is a clear passage through the condenser 
and pump, so that, should the pump stop for any reason, air rushes into 
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the condenser through the air pump and immediately breaks the vacuum. 
In starting up the condenser steam is turned into auxiliary nozzle A, 
section NN, for a few moments, thus creating sufficient vacuum to 
start the regular flow of water through the air pump. 

Any type of air pump may be used in connection with a suitable 
circulating pump but the majority of low-head, high- vacuum jet con- 
densers are equipped with the hydraulic type. Recent experiments 



indicate that the steam jet type of air ejector may supersede the 
mechanically-operated air pump within a very short time. (See para- 
graph 309.) 

Siphon Condensers. — Fig. 297 shows a section through a 
Baragwanath siphon condenser, illustrating the principles of a parallel- 
current barometric condenser. The cooling water enters the side of 
the condenser chamber at A and passes downward in a thin annular 
sheet around the hollow cone D. The exhaust steam enters at B and 
is given a downward direction by the goose neck C. It flows through 
the nozzle Z) and is condensed within the hollow cone of moving water, 
the combined mass including the entrained air discharging through the 
contracted throat E at high velocity into the tail pipe 0. The water 
column in the tail pipe must be enough to overcome the pressure of the 
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atmosphere; i.e., it should be 34 feet or more above the surface of the 
hot well, otherwise water would rise within this pipe to a height cor- 
responding to that of the barometer, which is approximately 34 feet for 
a barometric pressure of 30 inches of mercury. This is not strictly 
true when the condenser is in full opera- 
tion, as the injector effect of the moving 
mass is sufl&cient to overcome several 
pounds pressure, and the tail pipe may 
be less than 34 feet, but to provide against 
any possibility of the water being drawn 
into the cylinder of the engine the length 
is made greater than 34 feet. The spray 
cone D is adjustable and admits of close 
regulation of the water supply without 
changing the annular form of the stream. 

The condensing water may be supplied 
under pressure or under suction. For 
lifts not greater than 15 feet no supply 
pump is necessary, the water being raised 
by the siphon action of the condenser. 

This condenser requires the same amount 
of cooling water per pound of steam as 
the standard jet condenser, and is capa- 
ble of maintaining a vacuum of from 24 
to 27 inches. A vacuum of 28| inches 
has been recorded for a condenser of this Fig. 297. Barag^^nath Siphon 
general type. (Trans. A.S. M.E., 26-388.) Condenser. 

An atmospheric relief valve G is provided in case the vacuum fails from 
any cause, which will permit the steam to escape to the atmosphere. 

The above type of condenser is adapted to very muddy cooling 
water, since no filtration is necessary beyond the removal of such solid 
matter as may clog up the annular space H, 

Siphon Condensers, Discussion: Trans. A.S.M.E., Vol. 26, p. 388. Siphon Con- 
densers: Electrical World, June, 1897, p. 818; Engr. U. S., Jan., 1906. 

236. Size of Siphon Condensers. — The size of siphon is indicated by 
the diameter of the engine exhaust pipe. 

Table 91 gives the sizes of ^barometric condensers as manufactured 
by prominent makers. ^5 VpV\ b n 

The diameter of the throat may be closely approximated by the 
empirical formula 



Diam. in inches = 0.0077 VWWj 


( 201 ) 
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in which 

W = weight of steam to be condensed per hour, 
w = weight of water required to condense one pound of steam. 

The maximum width of the annular opening for the admission of 
water may be obtained from the empirical formula 

Width in inches = (202) 

in which 

d = diameter of the nozzle or bottom of the cone in inches. 

W and w as in equation (201). 


TABLE 91. 

SIZE OF SIPHON CONDENSERS. 


steam to be Condensed. 

Size Usually 

j Steam to be Condensed. 

Size Usually 

Pounds per 
Hour. 

Pounds per 
Minute. 

Furnished, 

Inches. 

Pounds per Hour. 

Pounds per 
Minute. 

Furnished, 

Inches. 

2,000 

33 

5 

8,000 

133 

10 

3,000 

50 

7 

10,000 

166 

12 

4,000 

60 

8 

15,000 

250 

14 

5.000 

6.000 

83 1 

100 

9 

9 

20,000 

333 

14 


Vacuum 26 inches; barometer 30 inches. 


237. Ejector Condenser. — Fig. 298 shows a section through a Schutte 
exhaust steam ^Tnduction^^ condenser, illustrating the principles of the 
ejector condenser in which the momentum of flowing water ejects the 
discharge without the aid of the circulating pump. Exhaust steam 
enters the ejector through the opening marked '^exhaust,” passes 
through a series of inclined orifices and nozzles at considerable velocity, 
and, meeting the cooling water in the inner annular chamber, is con- 
densed. The cooling water is drawn in continuously through the opening 
marked ^ Vater, ” by virtue of the vacuum formed, and sufficient velocity 
is imparted to the jet to discharge the combined mass of condensed 
steam, cooling water, and air against the pressure of the atmosphere. 

The condenser should be installed vertically with three feet of pipe 
between the strainer and the head of the condenser and should be ar- 
ranged as shown in Fig. 299. There should be a clear discharge of not 
less than two feet below the bottom flange of the apparatus to the level 
of i he water in the discharge sump, or hot well. It is advisable that 
the end of the discharge pipe be sealed under water, unless there is a 
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horizontal discharge main, and trap to water seal at the bend immedi- 
ately under the condenser. Except with condenser of veiy large size 
a difference of level between supply and discharge of 30 feet will usually 
give the necessaiy pressure of water at the condenser with full allow- 



ance for friction losses. These condensers are made in all sizes conform- 
ing with exhaust pipe diameters of 1-| to 24 inches. The same amount 
of cooling water is required as for jet condensing and vacua of 20 to 
25 inches are readily obtained. 

338. Barometric Condensers.’^ — Fig. 301 shows a section through 
a Weiss counter-current condenser, illustrating the principles of a 
barometric jet condenser. The cooling water enters the upper part 

* The author has been informed that the word Barometric’' in connection with 
jet condensers is the registered trade mark of the Albergcr Condenser Company. 
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of the condeasing chamber A through pipe N and falls in cascades, as 
shown in the figure, to tail pipe B, from which it flows by gravity to 
the hot well. The exhaust steam enters chamber A through pipe D, 
and, coming in contact with the cold-water spray, is condensed. The 
air is exhausted from the top of the condenser by a dry vacuum pump 
through pipe F. In flowing to the pump the air passes upwards through 

the w^ater spray and its temperature is 
lowered to that of the injection water, 
thereby reducing the volume to be ex- 
hausted. Any moisture passing over 
with the air is separated at G before 
reaching the air pump, and flows out 
through the small barometric tube H. 
The cooling water is forced to the 
condenser chamber through pipe N by 
any positive displacement pump, the 
actual head pumped against being the 
difference between the total height and 
that of a column of water correspond- 
ing to the degree of vacuum in the 
condenser. The main barometric tube 
or tail pipe B through which the water 
is discharged is 34 feet or more in 
length and is provided with a foot 
valve C. The counter-current prin- 
ciple permits a much higher tempera- 
ture of hot well for the same degree 
of vacuum than does the parallel cur- 
rent, a hot-well temperature of 120 de- 
grees and a vacuum of 27 inches being 
readily maintained. A small pipe K 
connecting the main condenser with 
the small barometric tube H insures at 
all times a sufficient quantity of water in the small auxiliary hot well 
to seal the tube. The water from this auxiliary hot well flows over a 
weir, as indicated, into a counterweighted bucket ikf, the latter having 
a hole in the bottom which allows the normal flow to escape. But in 
case a sudden heavy overload is thrown on the engines, and the ad- 
justment is for a light load, the temperature of the discharge will reach 
the boiling point and an abnormal quantity of water will flow down 
the small barometric tube. This will cause the water to flow into the 
bucket much faster than the opening in the bottom can dispose of it; 



Fig. 301. Weiss Counter-current 
Condenser. 
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as a result the bucket will increase in weight and will open up a free- 
air valve L which reduces the vacuum t'wo or three inches and raises 
the boiling point without ^Mropping’^ the vacuum entirely. E is the 
atmospheric relief valve. 

Fig. 302 shows a section through the condensing chamber of. an 
Alberger barometric condenser. In principles of operation the con- 
denser is similar to the Weiss, but differs considerably in details. Ex- 
haust steam enters at A and divides into two streams, one flowing 
directly to the inner chamber D, the other through the annular space E, 
Cooling water enters through 
B and is broken up into a fine 
spray by the serrated cone F, 
which is hung upon a long 
spring, thus automatically ad- 
justing itself to the quantity of 
water entering the condenser. 

After condensing the exhaust 
steam in the inner cylinder the 
partly heated spray of cooling 
water in falling is brought in 
contact with the exhaust steam 
which enters through the an- 
nular space. This process per- 
mits of a high hot-well tem- 
perature without affecting the 
degree of vacuum. The air 
which is not entrained by the 
cooling water and carried down 
the tail pipe collects under Fig. 302. Section through Condensing Cham- 
the spray cone F and ascends Barometric Condenser. 

through the tubular support of the cone into the air cooler. This 
air cooler is simply a small chamber in which the non-condensable 
gases are cooled by a small portion of the circulating water before 
they are withdrawn by the air pump. The circulating water used for 
the purpose is forced into the cooling chamber through pipe K and falls 
through serrated openings in the bottom to the condenser proper. 
The air enters the chamber through these same openings, and is with- 
drawn by the air pump. Surrounding the cooler is a separating space 
of large capacity to allow the subsidence of any entrained moisture 
before the air reaches the vacuum pump. 

,Fig. 303 shows a section through a Tomlinson type B barometric 
condenser which differs from the conventional type in the addition of an 
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overflow or auxiliary tail pipe. The main tail pipe takes care of the 
light loads and the overflow comes into service only on full loads and 
overloads. This arrangement reduces the quantity of circulating 
water required at light loads since it is not necessary to keep a large 

tail pipe filled with water as is the 
case with the single pipe design. 

239. Condensing Water: Jet Con- 
densers. — In a jet condenser the 
cooling water and exhaust steam 
mingle, and the degree of vacuum is 
a function of the final or discharge 
temperature; thus the quantity of 
cooling water required depends upon 
its initial temperature, the tempera- 
ture of the discharge water, and the 
total heat of the steam entering the 
condenser. If the steam in the low- 
pressure cylinder at exhaust is dry 
and saturated, and there is no air 
entrainment the heat entering the 
condenser will correspond to the 
total heat of saturated steam at con- 
denser pressure. This condition is 
not likely to occur in practice since 
exhaust steam usually carries con- 
siderable moisture and there will be 
more or less air entrained with it. 
Furthermore, the cooling water con- 
tains air in varying amounts so that 
the total amount of air entering 
the condenser may be considerable. 
Neglecting radiation and leakage the heat absorbed by the cooling 
medium must be equal to that given up by the steam and its air en- 
trainment. The heat exchange may be expressed 



Fig. 303. Tomlinson Type B Baro- 
metric Condenser. 


in which 


R = 


Jim Q'Z 
^2 - go ' 


(203) 


R ~ weight of injection water necessary to condense and cool one 
pound of air-vapor mixture, 

Hm = heat content of the air-vapor mixture at condenser pressure, 
B.t.u. per lb. above 32 deg. fahr., 
q 2 = heat of liquid of the discharge water, B.t.u. per lb., 

Qo = heat of liquid of the injection water, B.t.u. per lb. 
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In practice it is sufficiently accurate to neglect the influence of the 
air on the heat content of the exhaust steam and circulating water, 
and the mean specific heat of water under condenser conditions may be 
taken as unity so that equation (203) may be written, 

H — ^2 d” 32 


B 


in which 


^0 


(204) 


H = heat content of the exhaust, B.t.u. per lb. above 32 deg. fahr., 
U = temperature of the discharge water, deg. fahr., 
ti = temperature of the injection water, deg. fahr. 

It has been shown (paragraph 177) that 


in which 


H ^ Hi- Hr- 

= Hi -Hr- 


2546 

w 

3412 


Hi = initial heat content of the steam entering the prime mover, 
B.t.u. per lb. above 32 deg. fahr.. 

Hr = heat lost by radiation from the prime mover and exhaust piping, 
B.t.u. per lb. of steam admitted, 
w = water rate, lb. per brake hp-hr., 

Wi = water rate, lb. per kw-hr. 

In a well-lagged piston engine with short connection to the con- 
denser the loss by radiation varies from 0.3 to 2.0 per cent, but seldom 
exceeds 1 per cent of the total heat admitted, and in a turbine this 
loss is even less, and 0.5 per cent is a very liberal allowance. The 
temperature of the discharge water will approximate that of the vapor 
at its partial pressure. For air-free steam this will correspond to that 
of vapor at total condenser pressure. In high-vacuum jet condensers 
in which the air pressure is kept very low this depression of the hot- 
well temperature will range from 0 to 5 degrees below that of vapor 
at total condenser pressure, and in the ordinary low-vacuum condenser 
it may range from 15 to 25 degrees below. The influence of air en- 
trainment for a specific case is illustrated in Fig. 291. The minimum 
weight of cooling water for air-free steam at various vacua is shown 
graphically in Fig. 304. 

Example 43: Determine the amount of cooling water necessary per 
pound of steam for a standard low-vacuum jet condenser operating 
under the following conditions: Engine uses 16 lb. steam per brake 
hp-hr., initial pressure 140 lb. per sq. in. absolute, superheat 50 deg. 
fahr., vacuum 26 inches referred to a 30-inch barometer, temperature 
of injection water 70 deg. fahr. 
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Fig. 304. Curves showing Minimum Ratio of Circulating Water to Steam 
Condensed for Various Initial Temperatures. 


From steam tables Hi = 1221; assume Hr = 1 per cent of Hi, then 
H = 1221 - 0.01 (1221) - = 1050. 

The temperature U of vapor corresponding to an absolute pressure 
of 4 inches = 126 deg. fahr.* Assume^ = 4 — 15 = 111. 

This is not the actual temperature in the condenser. The actual temperature 
will be that corresponding to the partial pressure of the vapor. For convenience in 
calculation the temperature in the condenser is assumed to correspond to that of the 
total pressure and the temperature depression of the hot well is then based on this 
hypothetical temperature. When the extent of air leakage and entrainment is 
known the actual temperature in the condenser may be readily calculated, 



COXDEXSERS 


523 


Substituting these values in equation (204), 


R = 


1050 - 111 + 32 
111 - 70 


= 24.3 lb. 


Example 44. Determine the amount of cooling water necessary per 
pound of steam for a high-vacuum jet condenser operating under the 
following conditions. Turbine uses 14 lb. steam per kw-hr., initial 
pressure 165 lb. per sq. in. absolute, superheat 120 deg. fahr., vacuum 
29 inches referred to a 30-inch barometer, temperature of injection 
water 65 deg. fahr. 

From steam tables. Hi = 1262; = 79; assume Hr = 0.005 ff,-. 

(This is so small that it may be omitted, particularly in view of other 
assumptions which may be made.) 

men, ^ ^ ^^62 - 0.005 (1262) - ^ = 1012. 


Assume 


R = 


14 

- 4 - 4 = 75 
1012 -75+32 


75 - 65 


= 96.9 lb. 


240. Water-cooled Sur- 
face Condensers. — With 
the exception of the 
“standard’^ water- 
works condenser all 
water-cooled surface 
condensers are of the 
water-tube type, that is, 
the cooling water passes 
through the tubes. Fig. 
305 shows a sectional 
elevation of the simplest 
type of surface con- 
denser. It consists es- 
sentially of a cast-iron 
shell provided with two 
heads, into which a 
number of brass tubes 
are expanded. Exhaust 
steam fills the shell and 
flows around and be- 
tween the tubes, while 
the cooling water is 
forced through the tubes 
by means of a circulat- 
ing pump 



Discliange 


To Air Pump 


Fig. 305. Baragwanath Surface Condenser. 
The steam is condensed by contact with the tubes and 


drops to the bottom tube sheet from which it is exhausted by the 
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air pump. The circulating water flows through the tubes in one di- 
rection only, hence the name ^'single flow.'’ To allow for unequal 
expansion of shell and tubes the two halves of the shell are provided 
with slightly thinner plates flanged outward, the flanges being bolted 
together with a spacing ring between them. This joint gives the shell, 
in the direction of its length, a certain amount of elasticity which is 
sujBS.cient to allow for the greatest elongation of the tubes, without 
straining the tube sheet and causing leakage. This type of condenser 
is the least efficient of all since (1) the velocity of the water through the 
tubes is low; (2) the tubes are blanketed with a film of condensed 
steam which increases in thickness from top to bottom, and (3) air 
stagnates in the chamber opposite the air pump suction. The influence 
of these factors on the heat transmission is discussed in paragraph 242. 

Fig. 306 shows a section through a 'Hwo-pass" condenser unit which 
is an improvement over the one just described, in that for a given tem- 
perature rise the velocity of the water through the tubes may be in- 
creased by doubling the length of its travel. In other respects, however, 
it is open to the same criticism as the single-flow device. The arrange- 
ment shown in Fig. 306 is not intended for high-vacuum work. 

Replacing the combined air and condensate pump by independent 
pumps will result in higher vacua but the tube arrangement is not 
conducive to high efficiencies. 

At the time of the introduction of the steam turbine it was discovered 
that a very high vacuum would improve turbine economies to an ex- 
tent hitherto impossible when applied to reciprocating engines. This 
condition naturally created an era of development among the con- 
denser designers. It became evident at once that the old types that 
were capable of creating a 26-inch or 27-inch vacuum would require 
considerable modification to maintain a vacuum of 29.0 or 29.5 inches. 
Any number of condensers have been designed which arc capable of 
maintaining a vacuum of 29.0 inches referred to a 30-inch barometer, 
but that the art is still in an experimental stage is evidenced by the fact 
that each new installation differs from the preceding one even for prac- 
tically identical operating conditions. Engineers arc agreed that (1) 
steam should enter the condenser with the least practical resistance and 
the pressure drop through the condenser should be reduced to a mini- 
mum; (2) air should be rapidly cleared from the heat transmitting 
surfaces, collected at suitable places, freed from entrained water and 
removed at a low temperature with least expenditure of mechanical 
energy; (3) condensate should also be rapidly cleared from the heat 
transmitting surfaces, freed from air and returned to the boilers at 
the maximum practical temperature; (4) circulating water should pass 
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Fig. 306. Wheeler Admiralty Surface Condenser and Pumps. 
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through the condenser with least friction but at a velocity consistent with 
high efficiencies. 

In the types of condensers described above the steam diminishes in 
value, due to condensation, as it passes over the tubes, hence the veloc- 
^ ity decreases and becomes practically 

zero at the bottom of the vessel. The 

^ — velocity of the entrained air also de- 

i— creases in its passage through the con- 

“t denser and becomes stagnate. By shap- 

HemLvai J thc condcnscr as shown in Fig. 307, 

J|L the original velocity may be maintained 

Condensate Removal poffit of air offtake. In the 

Fig. 30L Theoretically Correct high-vacuum condenser 

Condenser Shape. ^ i r v i i 

the same effect has been realized by 

establishing steam lanes, by means of differential tube spacing or by 

a combination of both as indicated in Fig. 308. The latest practice 


80-13^'laoles 


Fig. 307. Theoretically Correct 
Condenser Shape. 
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is in favor of the differential spacing, that is, the tubes are spaced 
evenly across the path of the steam, leaving no preferential lanes down 
which the steam can short circuit. This uniform spacing is main- 
tained for a portion of the upper cooling surface, after which the 


ExhaustiOpening 



Fig. 309. Tube Arrangement in Westinghouse Radial Flow Surface Condenser. 


distance between centers is gradually reduced. The tubes in the lower 
portion are arranged in diagonal rows in order to guide the air entrain- 
ment toward the vacuum pump suction. 

241. Cooling Water: Surface Condensers. — Since the heat absorbed by 
the cooling water must equal that given up by the exhaust, neglecting 
radiation and leakage, the amount of cooling water may be determined 
as follows: 




( 205 ) 
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in which 


gi, g 2 , and go = heat of liquid of the condensate, discharge and inlet 
water, respectively, B.t.u. per lb. above 32 deg. fahr. 


Other notations as in equation (203). 

Neglecting the heat content of the air entrainment and assuming a 
constant mean specific heat of imity for water, equation (203) may be 
written 


_ g - + 32 ^ 

^2 ^0 


(205a) 


in which 


ti = temperature of the condensate, deg. fahr. 


Other notations as in equation (204). 

In the ordinary low- vacuum surface condenser the depression of the 
hot-well temperature, h, below that corresponding to the total pressure 
in the condenser may range from 10 to 25 deg. fahr. depending upon the 
amount of air entrainment and the pressure drop through the condenser. 
An average figure is 15 deg. fahr. The temperature of the discharge 
water may range from 10 to 25 deg. fahr. below that corresponding 
to the total pressure in the condenser. 

The following empirical rule for determining the terminal difference 
between the temperature of the steam corresponding to the vacuum 
in the condenser and that of the circulating water discharge gives 
results agreeing substantially with current surface condenser practice 

(206) 

in which 


U = terminal difference, deg. fahr., 

t = temperature corresponding to saturated vapor pressure 

(po + B), 

to = initial temperature of the circulating water, deg. fahr., 
po = pressure of saturated vapor corresponding to temperature to, 
B = coefficient, as follows: 


VALUE OF COEFFICIENT A 


Vacuum, In. 

B. 

Vacuum, In. 

B. 

Vacuum, In.,^ 

B. 

1.00 

0.20 

1.75 

. 0.35 

3.00 

0.50 

1 25 

0 25 

2 00 

0.40 

3.50 ’ 

0.60 

1.50 

0.30 

2.50 

0.45 

4.00 

0.70 


Thus for to = 70 and a 2-inch vacuum: p = 0.739, B = 0.40 t cor- 
responding to 0.739 + 0.40 (= 1.139) = 83.0 deg. fahr., whence td = 83 
— 70 = 13 deg. fahr. 
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Example 45. (Low-vacuimi condenser.) Required the weight of 
cooling water necessary to cool and condense one pound of steam under 
the following conditions: Engine uses 16 lb. steam per brake hp-hr., 
initial pressure 140 lb. per sq. in. absolute, quahty 0.99, initial tempera- 
ture of the cooling water 70 deg. fahr., vacuum 26 inches referred to a 
30-inch barometer. 

From the Mollier diagram or by calculation from steam tables Hi = 
1185 (approx.), 4= 126, Hr bj’^ assumption = 1 per cent of H^. 

From equation (145) 

H = 1185 - 0.01 X 1185 - = 1014. 

16 

Assume 


k = k 


15 

R 


111 , t 2 = k — 20 = 106 [see equation (206)]. 
1014 111 -i-32 


106 - 70 


= 25.7 lb. 


With the modern high-vacuum surface condenser in connection 
•with a practically air-tight system the temperature of the condensate 
will be from 0 to 5 degrees lower than that corresponding to saturated 
vapor at condenser pressure and the temperature of the discharge water 
will range from 2 to 10 degrees below that corresponding to the vacuum. 
The pressure drop through the condenser from exhaust inlet to air 
pump suction varies with the type and size of condenser and the rate of 
driving and ranges from 0.02 to 0.2 inch with an average at rated 
load of approximately 0.1 inch. 

Example 46. (High-vacuum surface condenser.) Required the 
weight of cooling water necessary to cool and condense one pound of 
steam under the following conditions: Turbine uses 12 lb. steam 
per kw-hr., initial pressure 200 lb. per sq. in. absolute, superheat 150 
deg. fahr., initial temperature of cooling water 70 deg. fahr., vacuum 
28.5 inches referred to a 30-mch barometer. 

From steam tables, Hi — 1283. Assume Hr = 0.5 per cent of Hi, 

From equation 145, H = 1283 - 0.005 (1283) - = 993. 

Assuming a pressure drop of 0.1 inch, the probable absolute pressure 
in the condenser will be 30 — (28.5 -f 0 . 1 ) = 1.4 in. The correspond- 
ing temperature of vapor at this pressure k = 89.5 deg. fahr. 

Assume k — k ^ ^ = 85.5, fe = is — 8 = 81.5. 

^ 993 - 85.5 + 32 

Whence R = 57 -= = 7 : = 81.7 lb. 

81.5 — 70 


Heat Transmission througli Condenser Tubes. — Numerous in- 
vestigations have been conducted on special laboratory apparatus and 
on condensers in actual service for determining the heat transmission 
through condenser tub^s, but the laws based on these results have been 
far from harmonious. In steam engine practice where the vacua are 
comparatively low extreme refinement in design is unnecessary and 
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simple empirical formulas for estimating the extent of cooling surface 
are sufficiently accurate. In modern high-vacuum practice, however, 
particularly for large turbo-generators where a fraction of an inch of 
change in vacuum greatly affects the economy of the prime mover, and 
where thousands of square feet of cooling surface are involved in a 
single unit the older empirical rules are apt to lead to serious error. 
Despite the tremendous advance in condenser design during the past 
few years the art is still largely a matter of experience and the best 
rules are subject to arbitrary assumptions. 

In any type of surface condenser, neglecting radiation and leakage, 
the heat absorbed by the cooling water. Slid, must be equal to that 
given up by the exhaust w^. (Hm — qi) or, 

in which SUd = Wm (Hm - gO,* (207) 

S = extent of cooling surface, sq. ft., 

U = experimentally determined mean coefficient of heat trans- 
mission, B.t.u. per hour, per deg. fahr. difference in tem- 
perature, dj per sq. ft., 

d = mean temperature difference between that of the steam and 
of the circulating water, deg. fahr., 

Wjn = weight of condensate, lb. per hr. plus the air entrainment, 
Hm = heat content ’of the exhaust steam, moisture and air entrain- 
ment, B.t.u. per lb. above 32 deg. fahr., 
qi = heat of liquid of the condensate. 

From equation (207) S = (208) 


In view of the liberal factor allowed in estimating the value of U 
and because of the uncertainty of the true value of d, the influence of 
the heat content of the air entrainment becomes negligible and equation 
may be written: 

. -U + 32) ^ 

in which 


w = weight of condensate, lb. per hr., 

H = heat content of the exhaust steam, B.t.u. above 32 deg. fahr., 
ti = temperature of the condensate, deg. fahr. 


Since the heat absorbed by the cooling water is equal to that given 
up by the steam, equation (209) may also be stated 


>S = 


Q (k - to) 

Ud ' 


(210) 


* This is on the assumption that the heat transfer is directly proportional to the 
mean temperature difference. See also equation (223). 
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in which 

Q = total weight of cooling water, lb. per hour, 

= temperature of the discharge water, deg. fahr., 

tQ = temperature of the intake w^ater, deg. fahr. 

Considering first the coefficient of heat transfer, it must be remembered 
that the coefficient ?7, as used in equations 207-210, refers to the mean 
or average value for the entire surface and not the actual value, since 
the latter varies widely for different parts of the condenser. The actual 
value varies from more than 1000 for air-free vapor, in the first few 
rows of tubes (where the steam comes directly into contact with the 
cooling surface) to less than 50 in the bottom row (where the tubes 
may be practically blanketed vuth the condensed steam) and to 3 or 
less for tubes surrounded only by air. Tests by various investigators 
show that the actual value of U for a given temperature difference varies 
with 

(а) material, thickness, size, shape and cleanliness of the tubes; 

(б) velocity of water through the tubes; 

(c) percentage of air on the steam side of the tubes; 

(d) critical velocity of the water in the tubes; 

(e) extent of water blanketing on the steam side of the tubes; 

(/) viscosity of the circulating water. 

Taking the material coefficient, of plain copper tubes as 1.00, under 
similar conditions the heat transfer for other materials is approximately 


w 

1000 


m II 


§ 0.700 
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Fig. 310. 


as follows: Admiralty brass 0.98, Muntz metal 0.95, tin 0.79, Admi- 
ralty lead line 0.79, Monel metal 0.74 and Shelby steel 0.63. No better 
material than Admiralty brass has been found and it is the standard for 
modern condenser practice. Corrosion, oxidation and pitting have a 
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marked effect in reducing the heat transference and may lower the 
conductivity as much as 50 per cent. (See Fig. 310.) The cleanliness 
coeflicient, c, is about 0.9 for such waters as New York or Chicago. 
The coefficient of heat transfer appears to decrease with the in- 
crease in diameter but since the one-inch tube, No. 18 B.W.G, is 
the most common in use this factor need not be considered for any 
other size. 

The influence of the velocity of the water through the tubes on the 
coefficient of heat transfer is illustrated in Fig. 311 and Fig. 315. Ac- 
cording to Orrok the value 
of U, other conditions re- 
maining constant, varies ap- 
proximately as the square 
root or six-tenths power of 
the velocity.* For the ordi- 
nary low-vacuum condenser 
the velocity through one- 
inch standard tubes seldom 
exceeds 3 ft. per second, 
whereas velocities as high 
as 10 ft. per sec. are not 
uncommon in the high- 
vacuum type. Am average 
value for the latter is 8 ft. 
per sec. Except for a very 
low rate of flow (below that 
Velocity circuiltiagwLr-£t.poreee.® " average condenser prac- 
Eig. 311 . Variation of Heat Transmissioa with critical velocities need 

Water Velocity. be considered. For ex- 

ample, critical velocities for 
a one-inch No. 18 B.W.G- condenser tube are approximately as follows.* 

4.... 40 50 60 70 80 90 100 115 120 150 

Ve.,..0.50 0.42 0.36 0.32 0.28 0.25 0.22 0.19 0.17 0.14 

2. 84 2.40 2.06 1.81 1.58 1.42 1.27 1.09 0.94 0.80 

in which 

im = mean temperature of the water, deg. fahr., 

Vc = the lower critical velocity, ft. per sec., below which all motion 
is stream-line unless disturbed artificially, 

Va = the high critical velocity above which all motion is turbulent. 

* Tho proportioning of Surface Condensers, Geo. A. Orrok, Journal of A.S.M.E., 
Nov., 1916, 
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^ I*ressar&*-j!nc3ies of Mercury 


The effeet of air on the heat transference is very marked as is shown 
in Fig. 314. The depression of the hot-well temperature below that 

corresponding to the vacuum „ Heat Transference for Air 

gj p- 

may be reduced by good design. ^ 

Certain designs of dry tube con- 8^^ 

densers give hot-well tern- I'Je 

peratures somewhat higher than 

the average temperature in the || 

condenser and tests have been 5 

reported on several other de- ts's 

signs in which the depression |f / 

was zero. Orrok’s investigations || y- 
show that air entrainment re- 

duces the heat transference ap- jfertmrTj — l_L 

, T 30 25 20 15 10 5 Atm, 

proximately according to the A^rressnre^Inclies of Mercury 

law (p^, -r- pc)^; in which Heat Transmission Steam to Air. 

pressure of the vapor and p^ the total pressure in the condenser. 
The value of (p^, pc)^ varies within wide limits, but for tight con- 

i 4 [ — '^j^ i Ii:^”sference _ forAir clenscrs With efficient air pumps 

it may be taken as 0.95. 

12 j — iJ The reduction in heat trans- 

«>f mission due to thickness of water 

fftio film on both sides of the tubes 

fjQ been expressed mathemati- 

cally but it is customary in con- 
denser design to include this 
factor in the assumed value 
of ?7.* 

The coefficient of heat trans- 
mission increases with the mean 
temperature of the circulating 
water, that is, the warmer the 
^ water and the lower the vacuum 

70 

iBeaii Bate of Flow of All- ^Feet per Second the Smaller will be the mean 
Fig. 313. Heat Transmission Steam to Air. temperature head required to 

transmit practically constant amount of heat through the surface. 


'float Transference for Air 


^ 

p'/m 

4/3S’ 



20 30 

ASean Bate of Flow of Air t-Feet per Second 


According to Orrok 


XJ = hcpm- 


Trans. A.S.M.B., Vol. 35, 1915, p. 67. 
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0 5 10 15 20 25 30 35 40 46 50 

Depiession of Hot Well "Water Temperature below Vacuum Temperature 
Deg. JFabr. 

Fig. 314. Eelation Between Coefficient of Heat Transfer and Temperature 

Depression. 



Fig. 315. Bate of Heat Transfer Versus Circulation Water Velocity. Results 
of Tests by Geo. A. Orrok, Trans. A.S.M.E., 1910, 
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in which 

U = mean coefficient as previously defined and as used in con- 
nection with equations (209) and (210), 
k = experimentally determined coefficient = 350 for average 
working conditions, 
c = cleanliness coefficient, 
p = air richness ratio = (pv pcY, 
m = material coefficient, 

V = velocity through the tube, ft. per sec., 
d = logarithmic mean temperature difference. 

The following empirical rule gives values of U which agree sub- 
stantially with current practice in condenser design 

U = KVv (212) 


VALUE OF K FOn VARIOUS INITIAL TEMPERATURES OF CIRCULATING WATER. 


Initial Temp , 
Deg. Fahr. 

K. 

Initial Temp., 
Deg. Fahr. 

K. 

Initial Temp., 
Deg. Fahr. 

K. 

40 

141 

60 

192 

80 

212 

45 

160 

65 

198 

90 

218 

50 

175 

t 

70 

203 

100 

220 


Mean Temperature Difference, — It is definitely known that the 
quantity of heat passing through the cooling surface is proportional to 
some power of the temperature difference at any instant, but the in- 
stantaneous temperature difference is indeterminate, consequently it is 
necessary to establish an average or mean temperature difference for 
the whole period of thermal contact of the steam and circulating water. 

If ts = temperature of the steam or hot substance, 

t = any momentary temperature of the circulating water, 
to = initial temperature of the circulating water, 
t 2 = final temperature of the circulating water, 
d = mean temperature difference, 

Q = weight of circulating water, lb. per hr., 

S = extent of cooling surface, sq. ft. 

Ui = instantaneous value of the coefficient of heat transfer, 

U = mean coefficient of heat transfer for the entire period of heat 
exchange. 

All temperatures deg. fahr. 

Then the heat transmitted per hour through the elementary surface 
dS is Ui (4 - t). 
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Since the temperature rise for this period is dt the heat absorbed by 
the circulating water per hour is Q dt (theoretically this should be cQ dt 
in which c is the mean specific heat of the water, but for all practical 
purposes the value of c may be taken as unity). 


Cubic Feet Free Air per Minute-N.Y. Edison -Curve’' 2 



Fig. 316. Curves Showing Effect of Air Leakage on Condenser Efficiency. 


These two quantities must be equal, or 

Ui(t,-t)dS==QdL 

from which Q dt 

” f/i 4 - t 


(213) 

(214) 


If the temperature of the steam is assumed to be constant is inde- 
pendent of t^ and if the heat transmitted per hour is assumed to be 
directly proportional to temperature difference, U is likewise independ- 
ent of t and Ui = Uj therefore the relation between rise in temperature 
of the circulating water and the surface traversed becomes 


Ujt, t, - 1 


(215) 




t^ ^2 


(216) 


For the whole period of transfer, 

SXJd = Q ipi — 

. _Q{h — to) 
^ US 


(217) 

(218) 


Combining equations (216) and (218) and reducing, 


d - 


to 


log. 


^ ^ 
ta “ h 


(219) 
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This is known as the logarithmic mean temperature difference and is 
the one most commonly used in condenser design. The relation be- 
tween temperature of. the steam and that of the circulating water for 
this condition is shown graphically in Fig. 317. 

j ] \ j ] j I steam in Condenser j j i [ TTl 



Length of Water Pass Through Condenser 


Fig. 317. Rise of Circulating Water Temperature in Condenser Tubes. 

If the rise in temperature of the circulating water follows the dotted 
line cd the mean temperature difference may be expressed 

d = ( 220 ) 

This is known as the arithmetic mean temperature difference and is 
used only for rough calculation or where other influencing factors can 
only be approximated. 

If the quantity of heat transmitted per hour is proportional to the 
Tzth power of the instantaneous temperature difference, as appears to 
be the case in actual practice, and U is assumed to be constant 


Qdt = U (ts — ty dS (221) 

Integrating and reducing, 

s = I [it. - toY-^ - it. - 4)^-"] (222) 

By assumption, 

SUd’^ = Qik-to)- (223) 


This is known as the exponential mean temperature difference. Or- 
rok^s * experiments lead to a value of ?^ = 0.875. Loeb f assigns a 
value of n = 0.9. Because of the uncertainty of the value of U it is 
sufficiently accurate for most purposes to take n = unity, which results 
in the logarithmic mean temperature difference. 

* Jour. A.S.M.E., Nov., 1916. f Jour. Am. Soc. Naval Engrs., VoL 27, May, 1915. 
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Orrok * gives a general rule for high-vacuum surface condensers 
operating under favorable conditions which may be reduced to the form 

S = (225) 

Let d = outside diameter of the tube, in., 

n = number of tubes in each pass of the condenser, 

I == length of water travel, or total tube length, ft. 

Then, S = ^ nZ, whence Z == 3.83 S -j- dn. (226) 


By simple arithmetical calculation it may be shown that 

Q 

1233y(d-2 0"’ 

in which t = thickness of the tube, inches. 


(227) 


Example 47. (Low-vacuum condenser.) Approximate the amount 
of cooling surface for a 1000-hp. compound engine operating under 
the following conditions: Water rate 16 lb. per hp-hr., initial steam 
pressure 140 lb. absolute, initial quality 0.99, inlet temperature of 
circulating water 70 deg. fahr., vacuum 26 in. referred to a 30-inch 
barometer. 

In view of the absence of data, in this particular problem, for esti- 
mating the value of U with any degree of accuracy it is sufficiently 
accurate to assume the temperature of the steam in the condenser to 
be that of saturated vapor corresponding to the vacuum, and for the 
same reason the heat of the exhaust may be assumed to be that of 
saturated steam corresponding to the absolute pressure in the condenser. 

The temperature of vapor ts corresponding to an absolute pressure of 
4 inches (ps = 30 -- 26) is 126 deg. fahr. and H = 1114: (approx.). 

In the ordinary engine condenser considerable air will be carrie4 with 
the steam into the condenser and the hot-well depression may range 
from 5 to 20 degrees; assume the depression to be 10 degrees, then 
— 10 = 126 — 10 = 116 deg. fahr. 

Any value may be assumed for greater than to and less than ti. 
The nearer U is to to the greater must be the quantity of circulating 
water per lb. of condensate. On the other hand, the nearer U is to to 
the less is the mean temperature difference d, and hence the greater 
must be the cooling surface for a given weight of condensate. When 
water is cheap and the head pumped against is small Z 2 ixiay be given a 
lower value than when water is costly and the discharge head is large. 
In average engine condenser practice k may range from 5 to 20 degrees 
below ti; assume it to be 10 degrees, then Z 2 = Zi 10 = 116 — 10 
= 106 deg. fahr. Equation (206) gives h = 105.5. 

^ Because of the great latitude in assuming values of h and k it is suffi- 
ciently accurate to use the arithmetical mean, or 


d = 126 - 


70 + 106 
2 


38.0. 


* Jour. A.S.M.E., Nov., 1916. 
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In engine practice a very liberal factor is allowed in assuming a value 
for U because of the possible reduction in heat transmission caused by 
the deposit of cylinder oil on the tubes and because of the air entrain- 
ment. For the usual engine type of condenser a safe value is [/ = 300. 
According to equation (212), U = 300 for v = 2.25 ft. per sec. 

Substituting these values in equation (209) and reducing 


S = 


16,000(1114 - 116+32) 
300 X 38 


1446 sq. ft. 


This corresponds to approximately 11.0 lb. of condensate per hr. 
per sq. ft. of tube surface. An average figure commonly quoted for en- 
gine condensers is 10 lb. of steam per hr. per sq. ft. of tube surface for 
24-26 in. vacuum with 70-degree cooling water. A rough rule is to 
allow 2 sq. ft. of cooling surface per i.hp. 

Example 48. (High-vacuum condenser.) Calculate the amount of 
tube surface required for a 10,000-kw. turbine operating under the fol- 
lowing conditions: Water rate 12.0 lb. per kw-hr., initial absolute 
pressure 200 lb. per sq. in., superheat 150 deg. fahr., temperature of 
circulating water 70 deg. fahr., vacuum 28.5 inches referred to a 30- 
inch barometer, water velocity through tubes 8 ft. per sec. Cooling 
surface to consist of one-inch (18 B.W.G.) Admiralty tubes. 

For maximum theoretical efficiency t 2 = k = t^. This condition 
3.S possible only for air-free vapor, perfect heat transmission, and no 
pressure drop between turbine nozzle and air pump suction. In the 
very latest designs the pressure drop between turbine nozzle and air 
pump suction seldom exceeds 0.2 in. The temperature of the con- 
densate varies from — 0 to ~ 4 deg. fahr., and t 2 varies 

from t 2 = ts 4cio ts — 10 deg. fahr. Assume a pressure drop of 0.2 
in., ti = ts and ^2 = — 8, then 

Ps = 30.0 — (28.5 + 0.2) = 1.3 in. and the corresponding = 87.1 
deg. fahr. 

For the given conditions H = 993 (see example 46). 


Then 


12 X 10,000 (993 - 87.1 + 32) 
, 79.1 - 70.0 


12,368,0001b. 


, 79.1 - 70 

^ 87.1 - 70 

- 79.1 


Exponential mean gives d = 11.97 deg. 

The condenser must be designed for the maximum load when the 
circulating water is at its highest temperature and a suitable factor 
should be allowed for dirty, oxidized tubes and the presence of undue 
amounts of air. For this reason a much lower value of U is assumed 
than is possible with everything in first-class shape. An average 
value for a velocity of 8 ft. per sec. is i7 = 600. According to equation 
(212) U = 575. 

Substituting these values in equation (210), 


12,368,000 (79.1 - 70) 
600 X 11.98 


15,630 sq.ft. 
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Corresponding to 1.56 sq. ft. per kw. of turbine rating. Surface 
condensers for large turbines have generally from 1.6 to 1.7 sq. ft. of 
condensing surface per kw. See Table 93. 

Orrok^s rule gives for this example 

-s = 40^3X8^6 ~ 

= 11,500 sq. ft. 

Taking the heat content of the steam as that of saturated steam 
at condenser pressure Orrok’s rule gives S = 12,650 sq. ft. In fact, 
Orrok^s rule is based on the assumption that the steam entering the 
condenser is saturated, an assumption which simplifies calculation and 
which is justifiable in view of the uncertainty of the true values of many 
of the factors entering into the problem. 


TABLE 92. 


TEST OF 50,000 SQ. FT. SURFACE CONDENSER, 74TH ST. STATION 
INTERBOROUGH RAPID TRANSIT CO. 


(H. G. Stott and W. S. Finlay, Jr ) 

Pressure at throttle, lb. abs 

Temperature at throttle, deg. fahr 

Superheat 

Load, average kw 

Exhaust vacuum, in 

Exhaust pressure, in. abs 

Corresponding temp. deg. fahr 

Mean temp. diff. (log.) 

Condensate, lb. per hr 

B.t.u. per sq. ft. per hr. per deg. mean temperature difference . . 

Air leakage, cu. ft. per min 

Temp, of hot well, deg. fahr 

Temp, intake water, deg. fahr 

Temp, discharge water, deg. fahr 

Temp, rise, deg. fahr 

Circulating water, gal. per min 

Ratio circulating water to condensate 


220 
487 
97 
31,233 
28.61 
1.39 
89.4 
12 9 
357,060 
490 
16 88 
86 

70 8 
80.9 
10 1 
64,700 
91 


TABLE 93. 

MODERN SURFACE CONDENSER PROPORTIONS. 


Size of Turbo- 
generator. 


500 

1000 

2000 

5000 


Tube Surface, 
Sq. Ft. 


1,500 

2,750 

5,000 

10,000 


Sq. Ft. Tube 
Surface Per Kw. 


3.00- 3.50 
2.75-3.25 
2.50-3.00 

2.00- 2.50 


Size of Turbo- 
generator. 


10,000 

15.000 

20.000 

35,000 


Tube Surface, 
S<^. Ft. 


17,500 

25.000 

32.000 

56.000 


Sq. I't. Tube 
Surface Per Kw. 


1.75-2.25 
1 67-2.00 
1.60 
1.60 


The curves in Fig. 318 are based upon equation (209) with U = 300 
and afford a simple means for determining the extent of cooling surface 
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for different conditions of operation* For any other value of U mul- 
tiply by 300 and di\dde by the new value of U. 

Design and Profarmance of Surface Condensers: Jour. A.S.M.E., Nov., 1916, p. 864. 
Power, Aug. 29, 1916, p* 300; Jour. A.S.M.E., Jan., 1916, p. 23; Jan., 1915, p. 546: 
Aug., 1915, p. 459. 


Surface Condenser Am Puivirs. — See paragraphs 308 to 310. 
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Fig. 318. Curves for Det<a:mining the Amount of Cooling Surface. 

343. Dry-air Surface Condensers (Forced Circulation). — Where water 
is very scarce and the feed supply is reclaimed by condensing the ex- 
haust steam, water-cooled condensers may be prohibitive in cost of 
operation, even when combined with cooling tower or other water-cool- 
ing device, since the latter involves a loss of water approximately 
equivalent to the amount of steam condensed, due to evaporation. 

A notable installation of air-cooled surface condenser is that in an 
electric station of 2000-horsepower capacity in the city of Kalgoorlie, 
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West Australia.* The condenser consists of a large number of narrow 
chambers constructed of thin corrugated sheet-steel plates spaced J 
inch between centers. Each chamber has 1345 square inches of cooling 
surface. Fifty-one of these chambers are grouped into a compartment 
and 15 compartments constitute a section. Each section is equipped 
with three motor-driven fans 7 feet in diameter and running normally 
at 320 r.p.m. In all there are six sections, giving a total cooling sur- 
face of 45,000 square feet. The steam consumption of the main engines 
is 16 to 16.5 pounds per i.hp-hour at rated load. At full load the fans 
require 130 kilowatts, or approximately 10 per cent of the station out- 
put. The average vacuum obtained is about 18 inches throughout 
the year and ranges from 0 inches on very hot days to 22 inches in cooler 
weather. The following figures, based on actual observation, show the 
effect of temperature of the external air on the vacuum when condensing 
32,000 poxmds of steam per hour (the rated capacity of the condenser) . 


Temperature Ex- 
ternal Air, 
Degrees E. 

Vacuum, Inches 
(referred to 30-Inch 
Barometer). 

Temperature Ex- 
ternal Air, 
Degrees F. 

Vacuum, Inches 
(referred to 30-Inch 
Barometer). 

42.8 

22 

96.8 

9.6 

50 

21.2 

100.4 

7.6 

60.8 

20 

107.6 

3.6 

68 

18.4 

113 

0 

78.8 

16 




Air-Cooled Surface Condensers: Engineering News, Oct., 1902, p. 271; ibid., VoL 
49, p. 203. 

244. Quantity of Air for Cooling (Dry-air Condenser). — The volume 
of air, under atmospheric conditions, necessary to condense steam to 
any given temperature ifiay be determined as follows: 

Let H = heat content of the steam at condenser pressure, 
ts = temperature of the vapor in the condenser, 
ti = temperature of the condensed steam, 
t = temperature of the air entering condenser, 
to = temperature of the air leaving condenser, 

V = volume of air in cubic feet necessary to condense and cool 
one pound of steam, 

B = specific weight of air under atmospheric conditions, 

C = mean specific heat of air under atmospheric conditions, 
d = mean temperature difference between the air and steam, 

S = cooling surface in square feet, 

U = coefficient of heat transmission, B.t.u. per square foot per 
degree difference in temperature per hour. 

* This condenser has been, recently discarded since the cost of water has been 
greatly reduced. 
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Since the heat absorbed by the air must be equal to the heat given 
up by the steam, neglecting radiation, we have 


VBC + 32, 

from which 

-r-r H ifl “h 32 

“ BC (to - t) * 


(228) 

(229) 


For practical purposes C may be taken as the specific heat of dry air, 
the error due to this assumption being negligible even if the air is satu- 
rated with moisture. 


Example 49. How manj^ cubic feet of air are necessa^ to condense 
and cool one pound of steam under the following conditions: Vacuum 
20 inches; temperature of entering air, leaving air, and condensed steam, 
60, 110, and 140 deg. fahr., respectively? 

Here H = 1130 (from steam tables), 

= 110, = 140, ^ = 60, C = 0.24, B = 0.075. 

Substituting these values in equation (229), 

V = X 0 24 (lio - 60) "" necessaiy to 

condense one pound of steam under the given conditions. 

The proper area of cooling surface depends upon the value of the 
coefficient of heat transmission, which varies with the velocity and 
humidity of the air and character of the cooling surface. Accurate 
data are not available on this point. 

A few experiments made at the Armour Institute of Technology 
gave values of 17 === 10 to 25 B.t.u. per hour, per square foot, per degree 
difference in temperature for air velocities of 500 to 4000 feet per minute, 
for corrugated-steel sheeting | inch thick. Assuming these values of U 
for the above example, S = 1.5 square feet of cooling surface per pound 
of steam condensed per hour for air velocity of 4000 feet per minute, 
and S = 3.7 square feet for a velocity of 500 feet per minute. 

Saturated-air Surface Condensers (Natural Draft). — Fig. 319 shows 
vertical and horizontal sections of a Fennel saturated-air surface con- 
denser. The apparatus consists of an upright cylindrical shell contain- 
ing a number of vertical 4 -inch steel tubes through which air is drawn 
by natural draft. A centrifugal pump circulates about one half gallon ‘ 
of water per horsepower per minute from a cistern below the condenser. 
The water flowing over the upper tube sheet and then descending the 
tubes by gravity forms a film over their entire interior surface. 

The condensing action is as follows: The current of exhaust steam 
entering the side of the shell at A is caused by suitable baffle plates to 
circulate among the tubes, and in condensing gives up its latent heat 
to the water film, which wholly or partially evaporates, saturating the 
ascending current of air at its own temperature. The upward current 
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of hot vapor-laden air carries off the heat into the atmosphere. The 
cooling water which is not evaporated and lost to the atmosphere falls 
into the cistern below to be again taken up by the circulating pump, 
the water level in the cistern being kept constant by a float governing 
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Fig. 319. Pennel Saturated-air Surface Condenser. 


a valve on the supply pipe. The non-condensable gases collect at C, 
where they are removed by the dry-air pump, while the condensed steam 
is drawn off from the bottom tube sheet by the vacuum pump and 
discharged into the hot well. An excellent feature of this device is 

that the film of water on the 
cooling surface is secured with- 
out interference with the ascend- 
ing air currents and also without 
the use of sprays through small 
orfices likely to become clogged 
with rust or sediment. Where 
the recovery of the condensed 
steam is essential and a high 
vacuum of secondary importance, 
condensers of this type have 
proved to be good investments 

on account of the low first cost. 
Fig. 320. Peimel Flask Type of Saturated- ^ 

air Surface Condenser. „ ® . /. i . . 

test of a condenser of this type, 

taking steam from a 30-in. by 58-in. by 48-in. engine running at 45 r.p.m. 
(Power, December, 1903, p. 672; West. Elect., May 19, 1900, p. 323.) 

Fig. 320 illustrates the Pennel flask'’ type of atmospheric con- 
denser. The exhaust steam enters below and follows the zigzag course 
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bounded by the internal stay channels, condensing as it goes and driving 
before it the non-condensable gases to the outlet at the top. The con- 
densed steam gravitates to the bottom and thence to the hot well. The 
top of the flask is trough shaped and causes the cooling water to fl^ow 
down the sides of the flask in a thin stream. The portion of the cool- 
ing water not evaporated collects at the bottom of the flask and flows 
to the cooling-water reservoir. 


TABLE 94. 

TEST OF FENNEL SATURATED-AIR SURFACE CONDENSER. 


Duration of trial 9 hours 

Average steam pressure at engine by gauge 139.8 pounds 

Average vacuum, mercury column 17.5 inches 

Average temperature in condenser 123.7 deg. fahr. 

Average temperature of circulating water 116.4 deg. fahr. 

Average temperature of city water 52 deg. fahr. 

Average temperature of outside air 62 deg. fahr. 

Average temperature of saturated air 106 deg. fahr. 

Average draft in stack of condenser 1.1 inches 

Average humidity of outside air , . 67 per cent 

Average amount of steam condensed per hour 7950 pounds 

Average amount of circulating water used per hour 1 14,660 pounds 

Average amount of city water used per hour 3462 pounds 

Pounds of steam per pound of city water 2.3 

Poxmds of circulating water per pound of steam 14.4 

Average horsepower of engine 569 . 7 

Steam, pounds per i.hp-hr 13.95 

Horsepower required to run air pumps 10.5 

Horsepower required to run circulating pumps 3.0 

Condensing surface, square feet 3900 

Pounds of steam condensed per square foot surface per hour 2038 

Barometer 28.58 inches 

Vapor tension corresponding to 123.7 degrees 3.82 inches 

Per cent of main engine steam used by auxiliaries 2.38 

:^46. Evaporative Surface Condensers* — An evaporative surface con- 
denser consists of a number of copper, brass, wrought- or cast-iron 


tubes arranged horizontally or vertically and connected to manifolds 
or chambers at each end. The exhaust steam passes through the 
tubes and a thin film of water is allowed to flow over the external sur- 
faces. The cooling effect is brought about by the evaporation of 
part of the circulating water, and the general principle of operation is 
the same as that of the saturated-air condenser described above. Evapo- 
ration is sometimes hastened by constructing a flue over the tubes, 
thereby creating a natural draft, or by means of fans. With hori- 
zontal cast-iron tubes and natural draft, vacua from 23 to 27 inches 
are readily maintained with a cooling surface of approximately eight 
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tenths square foot per pound of steam condensed per hour. With 
vertical brass tubes and fan draft 8 pounds of steam per hour per 
square foot of cooling surface is not an unusual figure. The amount 
of cooling water evaporated per pound of steam varies from eight 
tenths to one pound; depending upon the draft. The power necessary 
to operate the pumps and fans varies from 1 to 10 per cent of the total 
output of the plant. For an interesting discussion of evaporative con- 
densers the reader is referred to the admirable article by Oldham in the 
Proceedings of the Institute of Mechanical Engineers; 1899; and re- 
produced as a serial in Engineering (London), April 28 to June 30, 1899. 
The follo^ving test of a vertical cast-iron tube evaporative surface con- 
denser (Table 95) will give some idea of the performance of this type 
of condenser. This condenser consisted of two rows of 4-inch vertical 
cast-iron pipes connected at the top by U bends and at the bottom by 
cast-iron manifolds. A perforated iron trough distributes the water 
over the center of the bend and causes it to flow in a thin stream over 
the surface of the tubes. A wet-air pump is used for withdrawing the 
condensed steam and air. No fan is used for hastening evaporation. 

See Chapter XXV, for evaporative surface condenser calculations. 

Evaporative Condensers: Engr,, Lond., May 5, 1889, pp. 432, 442, 447; Engineer- 
ing, May 19, 1899, p. 661, June 2, 1899, p. 721, June 30, 1899, p. 861; Trans. A.S.M.E., 
14-696; Power, Nov. 16, 1909; Prac. Engr. XJ. S., June, 1910, p. 346. 


TABLE 95. 

TEST OF A CAST-mOir, VERTICAL-TUBE. EVAPORATIVE SURFACE CONDENSER 

NATURAL DRAFT. 


Date 

Weather 

Barometer 

Temperature of air 

Cooling surface, external 

Duration of trial, minutes 

Weight of steam condensed, pounds 

Boiler pressure 

Weight of water in circulation 

Weight of fresh water added 

Vacuum in condehser 

Initial temperature of circulating water 

Final temperature of circulating water 

Temperature of make up '' water 

Temperature of water in hot well 

Weight of steam condensed per hour, pounds . . . 

Weight of water circulated per hour, pounds 

Weight of “ make-up '' water added per hour. . . 
Weight of steam condensed per square foot of 

cooling surface per hour 

Weight of ''make-up^' water per pound of steam 
Condensed, pounds 


Sept. 12 

Sept. 13 

Wet 

Tine 

29,8 

29.5 

? 

60 

272 

272 

99 

115 

800 

800 

60 

60 

1830 

1830 

600 

640 

23.36 

24.1 

117.5 

113.9 

128.4 

125 

58 

58 

136.5 

131.8 

485 

427 

6786 

? 

364 

334 

1.8 

1.54 

0.75 

0.80 
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247. Location and Arrangement of Condensers. — In the modern 
power house one sees two general arrangements of condensers and 
auxiliaries : 

1. The independent or subdi\dded system, in which each engine or 
turbine is provided with its own condenser, air and circulating pumps. 

2. The central system, in which the condensers and auxiliaries are 
grouped together. Ordinarily one condenser suffices for all engines. 

The Independent System. — The condenser is usually placed 
close to and below the engine so that ail condensation may gravitate 



Fig. 321. Jet Condenser Located below Engine-room Floor. 


into it. Figs. 321 and 327 show an application of this system with jet 
condensers. Here each condenser receives its supply of cooling water 
from a main injection pipe and discharges into a main overflow pipe. 
The exhaust pipe leading to the condenser is by-passed through a suit- 
able atmospheric relief valve to a main free exhaust header so that the 
engine may operate non-condensing in case the vacuum breaks or the 
condenser is cut out. The chief feature of this arrangement is its 
flexibility, as each unit is complete in itself and independent of the 
others. By far the greater number of central stations are equipped with 
independent condensers. 

Occasionally a jet condenser is located on the same level with the 
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Fig. 322. Jet Condenser Located above Engine-room Floor. 



Ficj. 323. Surface Condenser Located below Engine-room Floor. 
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engine or even above it. Fig. 322, but such a location should be avoided 
if possible, as it usually necessitates a larger number of bends and 
joints in the exhaust pipes than the basement arrangement, and in- 
creases the possibility of air leakage. If the exhaust pipe does not 
drain directly into the condenser, the lowest point in the piping should 
always be provided with a drip which should be opened when the engine 
is shut down, as condensation and leakage are apt to fill the pipe with 
water if the engine stands for any length of time. The end of the drip 
should be connected so that water cannot be drawn back through the 
drip pipe and into the engine 
cylinder. The length of exhaust 
pipe and particularly the num- 
ber of bends between engine and 
condenser should be kept as 
small as possible, otherwise the 
engine may not derive the full 
benefit of the vacuum in the con- 
denser. A case is recorded where 
the exhaust piping and appurten- 
ances in connection with a 5000- 
horsepower engine caused a drop 
of several inches in vacuum be- 
tween condenser and exhaust 
opening of the low-pressure cylin- 
der. (National Engineer, December, 1906, p. 10.) The wet-air pump 
must always be located below the condenser chamber so that the con- 
densation may gravitate to it. 

Fig. 323 shows the arrangement of a surface condenser with com- 
bined air and circulating pump in connection with a horizontal cross 
compound engine. The condenser and appurtenances are placed below 
the engine, thereby permitting the condenser to be closely connected 
to the engine. 

Fig. 324 shows the arrangement of a surface condenser in connection 
with a pumping engine. The condenser is placed in series with the 
pump suction. 

Several typical installations of surface condensers in connection with 
various forms of condenser auxiliaries are shown in Figs. 325 to 328. 

Centkal Systems. — In the central condensing systems the con- 
denser is located at any convenient point and the exhaust from all the 
engines piped to it. Any arrangement of condenser and auxiliary 
machinery may be adopted which will favor the lowest cost of installa- 
tion and expense of operation. Except where continuity of operation 



Fig. 324. Surface Condenser Installed 
in Connection with Pumping. 



Fig. 325. C. H. Wheeler Company’s High-vacuum System. 
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Cold Well 


Fig. 326. Surface Condenser witi, Leblanc Pumps. 



Fig. 327. Wheeler Rectangular Jet Condenso’ with Centrifugal Tail Pump and 
Rotative Dry Vacuum Pump in Connection with a 10,000*kilowatt Steam Turbine, 
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is absolutely essential^ only one circulating pump and one air pump are 
installed. This reduces the number of auxiliary pumps and appli- 
ances to a minimum, with a consequent decrease in first cost and main- 
tenance. T¥ith properly designed exhaust piping the condenser may 
be located at a considerable distance from the engine without undue 
loss of vacuum. 

Central condensers have found great favor in power plants in which 
the individual units are subjected to extreme variations in load, as in 



Fig. 328. Longitudinal Elevation of the 50,000 sq. ft. Condenser for the Common- 
wealth Edison Co. 


rolling mills. At the works of the Illinois Steel Company, South Chicago, 
III, one condenser takes care of the steam from 15,000 horsepower of 
engines in the rail mill, and another condenses the steam from the 

15.000 horsepower of engines in the Bessemer steel mill A notable 
installation of this system in connection with street-railway work is 
in the power house of the Northwestern Elevated Company, Chicago, 
where a single condenser takes care of the exhaust steam of five engines, 

11.000 horsepower in all. Fig. 330 shows the general arrangement of 
this installation. 
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For a comparison of the advantages and disadvantages of the inde- 
pendent and central systems see Engineering Magazine, October, 1900, 
p. 56; Engineering, London, June 23, 1899, p. 615; and Engineering, 
July 17, 1903. 

CoNDENSEE AUXILIARIES. — The various types of condenser auxil- 
iaries and their power requirements are treated at length in paragraphs 
307 to 314. 



Fig. 329. Barometric Condenser with Centrifugal Water Injection and ^^Rotrex” 

Air Pump. 


248. Cost of Condensers. — The curves in Fig. 331 compiled by A. R. 
Smith of the Construction Engineering Department, General Electric 
Company, show the approximate costs of condensers including their 
auxiliaries, f.o.b. factoiy. The average for each capacity of turbine 
was compiled from costs without regard to surface, quality of water, 
vacuum maintained and steam or electric drive. Actual cost may vary 
considerably from those shown on the curves, depending on local con- 
ditions and other special considerations. 

The following figures give an idea of the relative costs of the different 
types of condensers and auxiliaries for a 1000-i.hp. plant using 20 pounds 
of steam per i.hp-hour at rated load, or a total of 20,000 pounds per 
hour. Vacuum to be maintained, 26 inches unless otherwise stated; 
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Fig, 330. Condenser and Exhaust Steam Piping at the Northwestern Elevated R.R. Power House, Chicago, 111. 
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temperature of cooling water, 70 deg. fahr.; hot-well temperature, 
105 to 120 deg. fahr.; distance between engine exhaust opening and 
mean level of intake well, 10 feet. 



Fig. 331, Curves Showing Approximate Cost of Condenser Equipment per Kilo- 
watt of Turbine Capacity. 

Siphon Condensers. 

1 16" siphon condenser with 6" centrifugal pump driven by 6" by 6" ver- 
tical engine $500 

Jet Condensers. 

1 14" by 22" by 24" jet condenser with single horizontal direct-acting pump 1335 
1 16" by 24" by 18" jet condenser with single vertical direct-acting pump 1620 
1 14" by 24" by 18" jet condenser with single vertical flywheel vacuum pump 1770 
1 12" by 17" by 22" by 25" jet condenser, single horizontal direct-acting 


compound pump 2200 

Barometric Condensers. 

1 barometric condenser, 10" by 16" by 12" horizontal single-cylinder 
rotative dry-air pump; 8" horizontal volute centrifugal pump 

direct connected to 23-horsepower high-speed engine 2500 

1 barometric condenser, 16" by 16" dry-air pump direct connected to 
9" by 16" steam engine; positive rotary pump, for circulating 

cooling water, belted to above engine 4300 

Surface Condensers. 

1 surface condenser, 1025 square feet cooling surface, mounted over 7J" 

by 14" by 14" by 12" combined air and circulating pump 2100 

1 surface condenser, 1025 square feet cooling surface, with 7i" by 12" by 
12" horizontal air pump, direct acting, and 6" centrifugal pump 
driven by 5" by 5" engine 2300 


1 surface condenser, 1025 square feet cooling surface; 5" by 12" by 10" 
Edwards single-cylinder air pump and 6" centrifugal pump driven 
by a 5" by 5" engine; maximum 28", referred to 30" barometer 2850 
1 surface condenser, 1025 square feet cooling surface; 6" by 8" rotative 
dry-air pump ; 6" by 6" Edwards wet-air pump and 6" centrifugal 
pump driven by 5" by 5" engine; maximum vacuum 29", referred 
to 30" barometer (temp, cooling water 50 deg. fahr.) 3500 
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W esHnghoiLse-Lehlanc Jet Condenser, 

1 jet condenser with turbine-driven pumps, 20,000 pounds steam per hour, 

26" vacuum, 70 deg. fahr. inlet water 2150 

1 jet condenser with turbine-driven pumps, 20,000 pounds steam per hour, 

29" vacuum, 50 deg. fahr. inlet water 3275 


In general the cost of complete condensing equipments installed 
and ready for operation will approximate as follows: 

Cost per Kilowatt of Main 


Generating Unit. 

Siphon condensers t\dthout air punp S2 . 00 to $3 . 00 

Jet condensers 3 . 00 to 4.50 

Barometric condensers with dry-air pump 4 . 00 to 6.00 

Surface condensers for 26-inch vacuum 3 . 50 to 5 00 

High-vacuum surface condensers 3 50 to 10 00 

Leblanc jet condensers and pumps 2 . 00 to 6.00 


249. Choice of Condensers. — The proper selection of condenser and 
auxiliaries for a proposed installation depends upon the conditions 
under which the plant is to be operated. These conditions vary so 
widely in practice that only a few of the more important factors will 
be considered. The principal advantages and disadvantages of the 
three types of water-cooled condensers are as follows:* 


Advantages Disadvantages. 

Surface Condenser. 


Re-use of condensate for boiler feed. 

Re-use of condensate for ice production. 

Readily adapted to the weighing of 
condensate for tests. 

Slightly better vacuum obtainable. 

Advantage of low pumping head through 
siphon action. 

Less chance of losing vacuum because 
a drop in vacuum does not affect 
water supply. 


First cost high. 

Maintenance high. 

Requires considerable building space to 
remove tubes. 

Acidulated water or water containing 
foreign matter in large quantities 
may preclude the use of surface con- 
densers. 

More head room necessary to obtain 
sufficient head on hot-well pump. 


Barometric Condenser. 


Condenser proper not costly, but piping 
to it is expensive. 

No possibility of flooding turbine as in 
the case of a low jet condenser. 

Maintenance low. 

The use of acidulated water possible. 

Requires less circulating w^ater than sur- 
face condenser. 

Requires little building space. 

Equipment simple. No hot-well pump 
necessary and in some forms no vac- 
uum pump is required. 


Long exhaust pipe line to condenser 
which entails high initial cost and 
greater possibility of air leaks. 

Loss of vacuum between turbine and 
condenser, which may amount to I 
inch or even more. 

As condenser cone generally extends 
above roof, it does not lend itself to 
economical station design when boiler 
room and turbine room are parallel and 
contiguous. 

Waste of condensate. 


A. R. Smith, General Electric Review. 
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Jet Cotidetuer. 

Least expensive tj^je of condenser. Failure of removal pump would flood 

Requires less building space. turbine. Protection is provided by a 

Equipment simpler because hot-well vacuum-breaking float valve. 

pump is not necessary. Waste of condensate. 

Requires less circulating water than 
surface condenser. 

Maintenance low. 

The use of acidulated water possible. 

Steam-driven condenser auxiliaries have been universally recom- 
mended in preference to motor drives because any disturbances on the 
electrical end will not affect the auxiliaries. For example, suppose a 
short circuit occurs on some outside feeder ^nd the speed and voltage 
is reduced sufflciently to let the condenser auxiliaries drop out. First, 
the loss of vacuum on the turbine will necessitate the immediate gener- 
ation of double the amount of steam, but the boiler room is not pre- 
pared for this emergency, and the only alternative is to reduce the load. 
Second, the vacuum pump has to be started, and, third, the circulating 
pump started and primed. The operations consume considerable time, 
especially with chaotic periods of interruption. Should there be two 
turbines on the line, the duration of interruption is doubled. 

The dry vacuum pump and hot well pump can conveniently be made 
motor driven because the motors are small and can be self-starting. 
An interruption of 30 minutes of the vacuum pump or one minute of 
the hot-well pump ought to show but little effect on the vacuum. 

Motor-driven auxiliaries are very desirable, in that they are cheaper 
in first cost and maintenance; they obviate the use of considerable 
steam and exhaust piping and the expense of maintenance and radiation 
incident thereto; the motor speeds are conducive to high pump ejBfl- 
ciencies, and they are easily started and require little attention when 
running. To enjoy these advantages without sacrificing continuity of 
service is possible by feeding the auxiliaries for each turbine off a sepa- 
rate auxiliary turbine driving an exciter and a-c. generator. This 
may seem like an additional complication, but investigation will show 
that this auxiliary turbine can be operated at a speed of highest economy, 
and each pump can be operated at the most efficient speed. The 
auxiliary turbine can be exhausted into its own feed-water heater. 
See Fig. 357. 

Unless an auxiliary turbine is employed, or steam-driven auxiliaries 
used, there is usually a shortage of exhaust steam for heating the feed 
water. Take, for example, a case where the turbine is running at half 
rated load: the steam-driven exciter and boiler feed pump would be 
taking about 5 per cent of the total steam, which would heat the feed 
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water from 75 deg. fahr. (29 in. vacuum) to 125 deg. fahr. If the main 
turbine were carrying full rated load, the condition would be worse, 
as the auxiliary steam would represent only about 3| per cent and the 
increase in feed water temperature would be only 35 deg. fahr. Now, 
if the condenser auxiliaries are steam dilven, the total exhaust steam 
would be about 15 per cent at half load and 9 per cent at full load, and 
the feed temperature in the former case would be 210 degrees with a waste 
of I5 per cent of the steam, and at full load it should be 165 deg. fahr. 

The Selection of Steam Turbine Condenser: A. R. Smith, The National Engr., June, 
1914, p. 351. 

350. Water-CooUng Systems. — When an ample supply of cooling 
water is unobtainable, for natural or economic reasons, the circulating 
water may be used over and over again by employing suitable cooling 
devices. The three most common in practice are 

1. The simple cooling pond or tank. 

2. The spray fountain. 

3. The cooling tower. 

351. Cooling Pond. — The water is cooled partly by radiation and 
conduction but principally by evaporation. The air is seldom satu- 
rated normally, and its capacity for absorbing moisture is increased on 
account of its temperature being raised by contact with the warm water 
and by radiation. The cooling action is independent of the depth of 
water and varies directly as the surface, the amount of heat dissipated 
for each square foot depending upon the temperature of the water, the 
relative humidity, and the velocity of the air currents. Results of 
tests are very discordant. 

Box in his Treatise on Heat states that the pond surface should ap- 
proximate 210 square feet per nominal horsepower for an engine work- 
ing twenty-four hours a day. (Treatise on Heat, Box, p. 152.) 

If the engine works only twelve hours per day, the area may bo re- 
duced to 105 square feet per horsepower, because the water will cool 
during the night, but in that case the depth should be such as to give a 
capacity of 300 cubic feet per horsepower. These figures are based on 
a reduction in temperature of 122 to 82 deg. fahr., with air at 52 deg. 
fahr., and humidity 85 per cent, the steam consumption per nominal 
horsepower being taken at 62.5 pounds. It appears from tests that 
under ordinary conditions, in the northern part of the United States, 
with engines using 15 pounds of water per horsepower-hour and a 
vacuum of 26 inches, a reservoir having a surface of 120 square feet 
per horsepower would be ample for cooling and condensing water. 
(W. R. Ruggles, Proc. A.S.M.E., April, 1912, p. 607.) 
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Box gives the follo'ving formula for the rate of evaporation in per- 
fectly calm air: 

E = (243 + 3.7 1) (T' -- v), (230) 

in which 

E = evaporation in grains per square foot per hour, 

t = temperature of the water, deg. fahr., 

V — maximum vapor tension in inches of mercury at tempv. mre tj 

V = actual vapor tension. 

Evaporation is greatly affected by the force of the wind and varies 
from 2 to 12 times the amount determined from equation (230). 

Example 50. How many pounds of water will be evaporated per 
square foot per hour from a pond with the temperature of the water and 
air 80 deg. fahr.; air perfectly calm; barometric pressure 29.5 inches 
and relative humidity 70 per cent? 

The maximum vapor tension at temperature of 80 degrees is 1.03 
inches of mercury. The actual vapor tension will be 

1.03 X 0.70 (= relative humidity) = 0.721. 

Substitute these values in equation (230). 

E = (243 + 3.7 X 80) (1.03 - 0.721) 

= 167 grains per square foot per hour 
= 0.024 pound per square foot per hour. 

A rough rule is to allow a heat transmission of 3.5 B.t.u. per hr. per 
sq. ft of pond surface per degree fahr. difference in temperature between 
that of the air and water. 

Spray Fountain. — From equation (230) we see that even under 
the most favorable circumstances an enormous pond surface is neces- 
sary. To facilitate evaporation with a view toward reducing the size 
of the pond, the hot circulating water is sometimes distributed through 
pipes and discharged through nozzles, falling to the surface of the 
pond in a spray. 

The water issuing from the nozzles creates a draft which aided by 
the natural breeze, effects the necessary evaporation. The loss of 
water due to evaporation seldom exceeds 4 per cent of the weight of 
water circulated. The pressure required at the nozzles is approxi- 
mately 6 pounds per sq. in. and in many cases the condenser pump is 
able to furnish the necessary pressure. Under ordinary conditions the 
power necessary to operate the sprays will average less than per cent 
of the power generated by the prime mover. Should the temperature 
of the condenser discharge wafer exceed the limit of reduction by single 
spraying the desired reduction in temperature may be effected by double 
spraying. In this arrangement the condenser discharge is mixed in 
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the hot well with an equal amounx of cooler water flowing through an 
equalizing valve from the spray pond. The resulting mixture is pumped 
to the nozzles and resprayed. Some idea of the performance of a 
spray cooling system may be gained from the data in Tables 95 and 96. 


TABLE 96. 

SINGLE-SPRAY SYSTEM — 6000-KW. STEAM TURBINE PLANT. 


Month. 


Relative 
Humidity, 
Per Cent. 


Jan. 


62 


Mar. 


May... . 



July... . 



Aug. 



Nov, 



Temperatures, Degrees Fahrenheit. 



8 A.M 

12 M. 

4 P.M. 

Remarks. 

Discharge water 

68 

73 

73 ) 


After spraying. 

48 

53 

53 > 

Clear 

Surrounding air 

8 

14 

20) 


Discharge water . . . 

79 

86 

90) 


After spraying. 

58 

66 

70 > 

Clear 

Surrounding air. . . 

30 

50 

43) 


Discharge water . . , 

89 

94 

97) 


After spraying. 

70 

75 

78 [ 

Clear 

Surrounding air 

65 

72 

70) 


Discharge water . . 

108 

118 

118 ) 


After spraying. 

90 

93 

93 

Clear 

Surrounding air 

90 

98 

102) 


Discharge water . . 

112 

114 

116) 


After spraying. 

88 

89 

90 > 

Cloudy 

Surrounding air . 

72 

74 

79) 


Discharge water . . 

89 

90 

88) 


After spraying. . . . 

62 

64 

63 > 

Cloudy 

Surrounding air. . 

27 

33 

34 > 



TABLE 97. 

DOUBLE-SPRAY SYSTEM. 



First Spraying. 

Second Spraying. 

Temperature air, deg. fahr 

87.0 

88.0 

Relative humidity, per cent 

48.5 

46.0 

Temperature hot water, deg. fahr 

122.5 

88.7 

Temperature, cooled water, deg. fahr 

88 3 

78.8 

Total degrees cooled, fahr 

44,1 




Natural ponds without sprays require about 50 times more area 
than spray cooling systems. A rough rule is to allow 130 B.t.u. per 
sq. ft. per hr. per degree difference in temperature. 

253. Cooling Towers. — A cooling tower consists of a wooden or sheet 
iron housing open at the top and bottom and so arranged that the 
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hot water may be elevated to the top and distributed in such a manner 
that it falls in thin sheets or spra^^s into a reservoir at the bottom, air 
at the same time being drawn in at the bottom by natural draft or 
forced in by a fan. The water gives up its heat to the ascending cur- 
rent of air by evaporation, convection and radiation, the latter, however, 
being a relatively small fac- 
tor. Of these, evaporation 
absorbs from 75 to 85 per 
cent of the heat, convection 
or direct transfer of heat to 
the air comes next, while 
radiation partly in the tow’^er 
and partly through the pip- 
ing accounts for the balance. 

If the air supply is dependent 
entirely upon the chimney 
action of the device the sys- 
tem is known as a natural 
draft or flue cooling tower; 
if the air is forced into the 
device by fans the system is 
called a forced draft cooling 
tower. Water cooling towers 
may be classified as (1) forced 
draft, (2) natural draft — 
open type or atmospheric, 

(3) natural draft — closed or 
flue type, and (4) combined 
forced and natural draft. 

Forced draft towers are 
completely enclosed, except 
at the top and at the base 
where provision is made for 
the fan openings. In the at- 
mospheric type of natural 
draft tower the sides are 
louvered and the necessary Fig. 332. Barnard-Wheeler CooHng Tower. 

air is supplied through the open base and through the louvered sides 
by natural air currents. The flue type of natural draft tower receives 
its air supply through the chimney action of the flue. The combined 
forced and natural draft tower may be used with natural draft only 
for light loads and forced draft for heavy loads. 
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The different designs vary principally in the method of water dis- 
tribution. Fig. 332 illustrates the Barnard-Wheeler cooling tower 
in which the falling water is broken up by vertically suspended gal- 
vanized iron wire cloth mats, causing it to trickle in thin sheets to the 
bottom. A similar result is brought about in the Worthington tower 
by pieces of terra cotta pipe 6 inches in diameter and two feet long 



Fig. 333. C. H. Wheeler Atmospheric Cooling Tower. 


placed on ends in rows. In the standard type of Albergcr cooling tower 
the water trickles down the sides of swamp-cypress boards arranged in 
honeycomb fashion. In the Alberger improved type the fan is placed 
at the top of the tower with its shaft in a vertical position. The fan is 
operated by a Pelton water wheel which receives its power from a tur- 
bine pump. No oil lubrication is employed, and the operating mecha- 
nism is controlled entirely from the engine room. In the Jennison 
cooling tower the water is divided into a rain of drops, constantly re- 
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tarded in their fall a series of perforated 4 X 4-inch galvanized-iron 
trays arranged in horizontal rows and staggered vertically. 

With the best forms of cooling towers, under average conditions, the 
temperature of the circulating water ma}^ readily be reduced from 40 
to 50 degrees with a loss not exceeding 3 or 4 per cent of the total quan- 
tity of water passing through the tower. The power consumed by the 
fan in a forced-draft apparatus averages 2 per cent of that developed 
by the main engines, for the maximum requirements during summer 
months, and IJ per cent during the winter. 

The location of the tower may be on the engine-rooom floor, on top of 
the building, or in the yard, the latter being the most adaptable. It 
may be any reasonable distance from the engine and condenser. 

354. Test of Cooling Towers. 

RESULTS OF TEST OF NATURAL-DRAFT TOWER, DETROIT. 

CoMrLETO Five-Fifths Shepace Installed. 

Proc. A.S.M E Mid-Nov., 1909, p. 1205. 

Engines: Two 400-i.hp., 300-kw. Macintosh & Seymour tandem-compound 

engines, overhung generators. 

Condensers: Worthington surface (admiralty type) 1600-sq. ft. reciprocating wet- 
air pump and circulating pump. 

Tower: Wood-mat construction, 24,500 sq. ft. evaporating surface, exclusive 


of shell. 

Test: March 15 to 16, 1901, 4 p.m. to 4 p.m., 24 hr. 

A.M. P.M. Average. 

Weather: Barometer (abs.), min 30.22 30.07; 30.14 30.27 

Temperature air, deg 18.5 25; 30 25 

Relative humidity, per cent. . 76 82; 58 72 

Load: 600 kw. max. to 50 kw. min. Average 244.9 kw. 

Engine efficiency = 92.5 = 875 i.hp. max. Average 354.8 i.hp. 

Steam: Weight of condensed steam per hr., lb 5910.6 

Temperature exhaust steam, deg. fahr 134.38 

Temperature condensed steam, deg. fahr 108 . 78 

Weight of steam per hour, max. load, lb 13,500 

Vacuum (abs.) 25 to 19, average about 22 

Vacuum corresponding to temperature exhaust steam. ... 25 

Vacuum possible with good condenser (10 deg. difference) 28 

Water: Circulated per hr., lb 293,536 

Temperature hot well, average, deg. fahr 87.50 

Temperature cold weU, average, deg. fahr 71.27 

Vaporization loss per hr., lb 5970 

Results : Condenser surface per kw., sq. ft 2.66 

Steam per kw-hr., lb 24.3 

Steam per i.hp-hr., lb 16.66 

Circulating water per lb. of steam, lb 49.6 

Steam per sq. ft. condenser surface per hr., lb 3.7 

Circulating water per sq. ft. tower surface, lb 12 

Difference in temperature between exhaust steam and dis- 
charge, deg. fahr. 47 
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Cooling: Max. 20 deg., min. 3 deg.-o deg. Average 16.23 

Heat dissipated per hr., B.t.u 4,769,000 

Heat per sq. ft. tower surface, B.t.u 195 

Heat per sq. ft. per 1000 lb. water, B.t.u 0 . 665 

Evaporation : Circulating water, per cent 2.03 

Engine steam, per cent 101 

Tower: Surface per kw. (average load 245 kw.), sq. ft 100 

Surface per kw. (max. load 600 kw.), sq. ft 40.8 

Surface per 1000 lb. steam max. load, sq. ft 1820 

Surface per 1000 lb. steam average load, sq. ft 4140 

Surface per 1000 lb. circulating water per deg. max. cooling, 
sq.ft 4.17 



1 Temperature, Deg. Fahr 

Quantities. 










1 be ^ 


Time. 

Air. 

Hot 
Well * 

Cold 

Well. 

Water 

Cool- 

ing:. 

Total 1 
Heat 
Head.t 

Tower 
Water, Lb. 
per Hr. 

Heat Dissi- 
pated, B.t.u. 
Lb. per Hr. 

Heat per 
Sq.Ft.Coo 
mg Surfac 
B.t.u. per H 

Circulatin 
W ater per 
Sq. Ft.. L 
per Hr. 

Load, 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 noon 

34 

102 

89 

13 

68 

375,000 

4,880,000 

332 

25 

270 

1.30 

35 

106.5 

90 

16.5 

71.5 

375,000 

1370,200 

6,108,000 

415 

24.8 

(315 

1290 

2.30 

35 

106.5 

87.5 

19 

71.5 

375,000 

7,120,000 

484 

25 

315 

3.30 

35 

113 

88.5 

24.5 

78 

375,000 

9,000,000 

613 

25 

350 

4.30 

32.5 

100 

84 

16 

67.5 

399,000 

6,384,000 

434 

26.6 

365 

5.00 

28.5 

103.5 

88 

15.5 

75 

445,500 

6,900,000 

470 

29.7 

485 

6.00 

26 

125 

94 

31 

99 

417,000 

12,930,000 

880 

27.8 

655 

7.00 

24 

121 

94 

27 

97 

427,006 

11,532,000 

785 

27.4 

570 

8.00 

24 

123 

94 5 

28.5 

99 

427,000 

12,174,000 

827 

27.4 

600 


* Assuming a more efficient condenser, say 10 deg. difference, the probable vacuum would be 
26 deg. to 27.5 deg. This condenser actually operated at 40 deg. to 50 deg. difference. 

t Total heat head = air heating + lost head. t Difference due to rapid change in load. 


Eor cooling tower calculations and problems in hygrometry see Chapter XXV. 

PROBLEMS. 

1. Reading of vacuum gauge 26.5, temperature of room 80 deg. fahr., barometer 
29.5, temperature of mercury in the barometer 40 deg. fahr. Determine the vacuum 
referred to a SO-inch barometer. 

2. If the absolute temperature in a condenser is 5 inches of mercury and the 
temperature of the air-vapor mixture in the chamber is 90 deg. fahr., required the 
percentage of air (by weight) in the mixture. 

3. If the temperature within a condenser is 100 deg. fahr. and there is entrained 
0.1 lb. of air per lb. of steam, required the maximum degree of vacuum obtainable. 

4. Required the volume of aqueous vapor to be withdrawn in order to cool 10,000 
lb. of water from 120 to 80 deg, fahr. 

5. A 30,000-kw. turbine uses 12 lb. steam per kw-hr., initial pressure 290 lb. abs., 
superheat 250 deg. fahr., vacuum 28.5 in. referred to a 30-in. barometer; initial 
temperatiire of the cooling water 70 deg. fahr., water velocity through tubes 8 ft, 
per sec. Required: 

a. Weight of cooling water. 

6. Sq. ft. condenser tube surface* 
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c. Number of 18 B.W.G, tubes in each pass of the condenser. 

d. Length of water travel. 

6. A 200-kw. turbine uses 20 lb. steam per kw-hr., initial pressure 150 lb. absolute, 
superheat 100 deg. fahr., vacuum 27 in. referred to a SO-in. barometer. If an evap- 
orative surface condenser of the forced draft type is used to create the vacuum, 
required the amount of atmospheric air and water spray w'hich must be forced 
through the condenser. The temperature of the atmospheric air is 80 deg. fahr., 
wet bulb thermometer 65 deg. fahr., air issuing from the condenser is completely 
saturated and its temperature is 15 degrees below that of the vapor in the condenser, 
fan pressure 4 in. of water. 

7. How much “make up^’ water is necessary for the cooling tower system of a 
steam engine plant operating under the following conditions: Engines 1000 hp., 
water rate 20 lb. per i.hp-hr. initial pressure 120 lb. abs., vacuum 26 in., barometer 
30 in.; temperature of injection water, discharge water and atmospheric air, 90, 
110 and 70 deg. fahr., respectively; relative humidity of air entering and leaving 
tower 65 and 95 per cent respectively. 



CHAPTER XII 


FEED WATER PURIFIERS AND HEATERS 

2 ^ 5 . General. — All natural waters contain more or less foreign 
matter either in suspension or solution. The organic constituents of 
this foreign matter are of vegetable and animal origin taken up by 
water flowing over the ground or by direct contamination with sewage 
and industrial refuse. Feed water containing organic matter may 
cause foaming due to the fact that the suspended particles collect on 
the surface of the water in the boiler and impede the liberation of the 
steam bubbles arising to the surface. 

The suspended inorganic impurities consist of clay, silica, iron, alu- 
mina, and the like, in the form of mud and silt. The more common 
soluble inorganic impurities are lime, magnesia, iron and sodium in the 
form of carbonates, sulphates and chlorides, oxides of silica, iron and 
alumina, some free carbonic acid and occasionally free sulphuric acid 
and hydrogen sulphide. 

When raw water is fed into a boiler all of the sohds remain in the 
boiler and are constantly increased in amount by the evaporation 
taking place. Some of the accumulated impurities deposit on the 
heating surface as scale, some are present as suspended matter and 
others remain in solution. The most widely known evidence of the 
presence of scale-forming ingredients in feed water is known as hardness. 
If the water contains only such ingredients as carbonates of lime, 
magnesia and iron which may be precipitated by boiling at 212 deg. 
fahr. it is said to have temporary hardness. Permanent hardness is due 
to the presence of sulphates, chlorides and nitrates of lime, magnesia 
and iron which are not completely precipitated at a temperature of 
212 deg. fahr. Hardness is conveniently determined by means of a 
standard soap solution as follows: 

A 100-cc. (cubic centimeter) sample of water to be tested is put in a 
250-cc. bottle and a standard soap solution (this may be obtained from 
chemical dealers) run in 0.2 cc. at a time, the bottle being shaken vigor- 
ously after each addition of the soap solution. Finally a lather is 
produced that will persist for at least five minutes, and then the volume 
of soap solution used in cc. gives the degrees ''U. hardness. One 
degree hardness is equivalent to 1 grain of calcium carbonate 

per tJ. S. gallon (1 part in 58,349). 
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The follomng factors may be used for specifying hardness of water 
in terms of calcium carbonate per U.S. gallon. 

Magnesium carbonate X 1.19 

Magnesium sulphate X 0.833 

Calcium sulphate X 0.735 • = hardness as calcium carbonate, 
Magnesium chloride X 1.05 grains per U. S. gallon or U. S. 

Calcium chloride X O.QOlJ degrees. 

It is impossible to judge the quality of feed water merely by the 
grains of solids per gallon since a large amount of soluble salt such as 
sodium chloride will not be as deleterious as a very small amount of 
calcium sulphate. 

The scale of hardness usually accepted (grains of dissolved salts per 
U. S. gallon) is as follows: Soft water, 1 to 10; moderately hard 10 to 
to 20; very hard water, above 25. 

The following is a rough rating according to the number of grains of 
incrusting solids per United States gallon: 

Less than 

8 grains very good. 

12 to 15 grains good. 

15 to 20 grains fair. 

20 to 30 grains bad. 

Over 30 grains very bad. 

This applies to calcium carbonate, magnesium carbonate, and mag- 
nesium chloride. For water containing sulphate of calcium and mag- 
nesium, divide the first column by 4 for the same rating. 

The limiting factor in deciding whether a water carrying a large 
amount of soluble salts may be used for boiler feed purposes is the 
amount of blowing down necessary to keep the degree of concentration 
within the limits found by experience. 

256. Scale. — Scale is formed on boiler heating surfaces by the depos- 
iting of impurities in the feed water and varies from a porous, friable 
crust to a dense, very hard coating. The amount of scale formed does 
not bear a direct relation to the amount of impurities present but de- 
pends on the type of boiler, rate of driving and the nature of the scale- 
forming ingredients in the water. Scale tends to lower the efiSciency 
and capacity of the boiler and may cause overheating of the plates 
and tubes. 

Table 99 gives the results of a number of tests made on locomotive 
boiler tubes with different thicknesses and characters of scale. The 
diversity of the results indicates the futility of basing the decrease in 
conductivity on the thickness of the scale. For example, test No. 1 
shows a decrease in conductivity of 9.1 per cent for a scale 0.02 inch 
thick, while No. 16 shows a decrease of only 6.75 per cent for a scale 
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over 6.5 times as thick. The scale in each case was even, hard, and 
dense. Again, No. 8 with a very soft scale 0.042 inch thick gives a 
decrease in conductivity of 9.54 per cent, whereas No. 14, also very 
soft but twice as thick, gives a decrease of only 4.95 per cent. No doubt 
the heat transmission is a function of the chemical as well as the physical 
properties, but further experiments are necessary before any specific 
conclusion can be drawn. 

TABLE 99. 


INFUENCE OF SCALE OX HEAT TRANSMISSION. 
(Locomotive Boiler Tubes.) 


No. 

Thickness of Scale, 
Inches. 

Character of Scale. 

Decrease in Con- 
ductivity due to 
Scale. Per cent. 

1 

.02 

Hard, dense 

9.1 

2 

.02 

Hard 

2.02 

3 

.033 

Soft 

4.3 

4 

.033 

Very hard 

3.5 

5 

.038 

Medium 

4.03 

6 

.04 

Soft, porous 

6.82 

7 

.04 

Hard, dense 

3.07 

8 

.042 

Very soft 

9.54 

9 

.047 

Hard 

2.75 

10 

.065 

Medium 

2.39 

11 

.07 

Soft 

2.38 

12 

.07 

Hard 

4.43 

13 

.085 

Soft, porous 

19.0 

14 

.089 

Very soft 

4.95 

15 1 

.11 

Hard, porous 

1 16.73 

16 

.13 

Hard, dense* 

6.75 


From tests conducted at the University of Illinois, Railroad Gazette^ Jan. 27, 1899, June 14, 1901. See 
also Engineering Record, Jan. 14, 1905, p. 53 j Power, February, 1903, p. 70; Street Railway Review, July 15, 
1901, p. 415. 


A moderate amount of scale has little influence on the efficiency and 
capacity of boilers operating at or below normal rating but for high 
driving rates scale must not be permitted to accumulate. In the modern 
central station with its heavy peak loads pure feed water is of vital 
importance to economy and continuity of operation. For scale preven- 
tion see paragraphs 260 to 266. 

Z 51 I. Foaming and Priming. — Boiler troubles due to foaming or prim- 
ing are often caused by concentration of alkali salts in the water 
within the boiler, although silt, organic matter, loosened scale, lubri- 
cating oil, rate of driving and the design of the boiler all have bearing 
upon this phenomenon. Where this is caused by excessive concen- 
tration it may be largely overcome by frequent blowing down. Sur- 
face blowing is, of course, a remedy where it can be applied. Foaming 
caused by organic matter in suspension may be minimized by filtration. 
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258. Internal Corrosion. — Corrosion is evidenced by small pits or 
depressions and by large cup-shaped hollows on the metal surface, and 
occasionally by a considerable destruction of a large portion of the 
surface. Carbonic acid gas, occluded oxygen, sodium, calcium and 
magnesium chlorides are common causes of corrosion. Magnesium and 
calcium chlorides are very pernicious in that they produce free hydro- 
chloric acid on hydrolysis. Corrosion is also found in boilers using a 
high percentage of condensate or distilled water. A theory* accepted 
by physicists embraces the fact that in the presence of a solvent the 
iron goes into solution as a hydrate before oxidizing. Considering 
that water is a universal solvent every metal has an inherent tendency 
to dissolve in water or water solutions. This tendency is called the 
solution tension of the metal. Opposing this tendency to dissolve is a 
pressure in the solution tending to resist the entrance into the solution 
of any more of the metal. This opposing pressure is known as the os- 
motic pressure of the solution. Accepting this theory, it is only neces- 
sary, in order to prevent corrosion, to raise the osmotic pressure of the 
solution or electrolyte, above the solution tension of the metal. In 

TABLE 100. 

SUMMARY OF INSPECTOR’S REPORTS FOR THE YEAR 1916. 


(Hartford Steam Boiler Inspection and Insurance Company.) 


Natuie of Defects. 

Whole Number. 

Dangerous 

Cases of sediment or loose scale 

28,212 

1,593 

Cases of adhering scale . . , . ... 

42,877 

1,612 

Cases of grooving 

2,568 

315 

Cases of internal corrosion 

19,008 

793 

Cases of external corrosion 

10,968 

814 

Cases of defective bracing 

Cases of defective staybolting 

984 

266 

2,049 

504 

Settings defective 

9,401 

814 

Fractured plates and heads 

3,711 

563 

Burned plates 

5,361 

498 

Laminated plates 

278 

27 

Cases of defective riveting 

1.448 

201 

Cases of leakage around tubes 

12;554 

1,581 

Cases of defective tubes or flues 

15,080 

4,989 

Cases of leakage at seams 

5,537 

373 

Water gages defective 

4,192 

714 

Blows-offs defective 

<262 

1,337 

Cases of low water 

420 

123 

Safety valves overloaded 

1,386 

235 

Safety valves defective 

1,695 

358 

Pressure gages defective 

8,351 

815 

Boilers without pressure gages 

32 

32 

Miscellaneous defects 

4,261 

662 • 

Total 

184,635 

19,219 

Condemned 

25,901 





A. H. Babcock, Trans. A.S.M.E., Vol. 37, p. 1119. 
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the case of boilers^ the osmotic pressure of the electrol>Te or boiler 
water, is raised by the addition of alkaline salts. The osmotic pressure 
being dependent on the concentration of the salts, the corrosive con- 
dition of the electrolyte is indicated by its alkaline strength. The 
alkaline strength to be carried in the boiler depends on the salts used. 

Table 100, compiled by the Hartford Steam Boiler Inspection and 
Insurance Company, show's the number of boilers inspected by that 
company during the year 1916 and the number found defective from 
various causes. 

25 % General Feed Water Treatment. — Table 101 (“Boiler Waters, 
W. W. Christie) outlines some of the troubles arising from feed water, 
their cause and means for preventing them. 

TABLE 101. 

BOILER TROUBLES ARISING FROM USE OF IMPURE FEED WATER. 


Trouble. 


Incrustation. 


Corrosion. . . . 


Priming 


Cause. 


Sediment, mud, clay, etc. . . 
Readily soluble salts 


Bicarbonate of magnesia, 
lime, iron 




Organic matter . , 
Sulphate of lime 

Organic matter. 


{ 


Grease -j 

Chloride or sulphate of ? 

magnesium 3 

Sugar ) 

Acid f 

Dissolved carbonic acid and J 
oxygen ) 


Electrolytic action 

Sewage 

Alkalies 

Carbonate of soda in large 
quantities 


Remedy or Palliation. 


Filtration. 

Blowing off. 

Blowing off. 

Heating feed and precipitate. 
Caustic soda. 

Lime. 

Magnesia. 

See below. 

Sodium carbonate. 

Barium chloride. 

Precipitate with alum ) 
Precipitate with ferric > and filter 
chloride ; 

cS?n;rof.o<.. 

Carbonate of soda. 

Alkali. 

Slaked lime. 

Caustic soda. 

Heating. 

^inc plates. 

Precipitation with alum or ferric 
chloride and filter. 

Heating feed and precipitate. 

Barium chloride. 


The neutralization or elimination of the impurities may be effected 
by one or more of the following methods: 

1. Chemically. 

Water-softening plants. 

Boiler compounds. 
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2. Mechanically. 

Filters. 

Blow-off. 

Tube cleaners. 

3. Thermally. 

Feed-water heater. 

Distillation. 

S 60 . Boiler Compounds. — The object of treatment with boiler com- 
pounds is to neutralize the evil effects of the impurities in the feed water 
or to change them into others which are less objectionable and which 
are easily removed. When properly compounded and introduced into 
the boiler such preparations are of great benefit, but when improperly 
used they may produce even greater troubles than the impurities 
which they are expected to eliminate. 

Boiler compounds may be divided into three classes: 

1. Those converting the scale-forming elements into new substances 
which will not form a hard, resisting scale and which are readily removed 
by skimming, blowing off, or by tube cleaners. For example, feed 
water containing sulphates of lime and magnesia will form a dense, 
tenacious scale. If carbonate of soda be added in correct amount the 
sulphates are converted into insoluble carbonates which are precipi- 
tated and form scale varying from a more or less porous, friable crust to 
a soft “mush^’ or mud. The resulting sulphate of soda remains in 
solution and does not form scale unless allowed to concentrate and this 
is prevented by blowing off. An excess of soda is apt to cause foaming 
and at high temperatures is liable to attack the inside of gauge glasses. 
Bisodium and trisodium phosphate, sodium tannate, fluoride of so- 
dium, sugar, etc., have all proved satisfactory, but as each case requires 
special treatment no detailed discussion is possible within the scope 
of this work and the reader is referred to the accompanying bibliography. 

2. Those enveloping the newly precipitated scale-forming crystals 
with a surface which prevents them from cementing together. The 
ingredients used to bring about this result are starches, woody fibers, 
dextrine, slippery elm, and the like. 

3. Those preventing the formation of hard scale by a solvent or 
'^rotting'’ action, as kerosene and petroleum oils. 

, Under favorable conditions all that the most effective boiler compound 
can do is to change the nature of the precipitate from one which adheres 
to the boiler to one which will be carried in suspension. The accumu- 
lation of sludge in the boiler resulting from the use of a compound can- 
not be entirely removed by blowing off and consequently frequent 
washing out becomes a necessity. 
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Compounds for mimmizing the formation of scale are recommended 
for use only in small plants where the cost of treating the water before 
it enters the boiler is prohibitive or in plants where space limitations 
prevent the installation of a purif^dng plant. 

Patented Boiler Compounds: Prac. Engr., Aug., 1911, p. 523. 

261. Use of Kerosene and Petroleum OUs in Boiler Feed Water. — 
Kferosene oil and other refined petroleum oils are sometimes used with 
good effect in boilers to soften scale. These oils are said to change the 
deposit of lime from a hard scale to a friable material which may be 
easily removed. To be reasonably effective the kerosene should be in- 
troduced after the boiler is emptied and washed and the refilling should 
be effected from the bottom. Kerosene should not be fed into the 
boiler with the feed water since it may form a non-conducting film over 
the heating surfaces. 

Use of Kerosene in Boilers: Engr. U. S., Sept. 15, 1905, p. 634; Eng. News, May 
24, 1890, p.]497; Power, Nov. 8, 1910, p. 1993; Trans. A.S.M.E., 9-247, 11-937; 
Locomotive, July, 1890, p. 97. 

262. Use of Zinc in Boilers. — Zinc is often introduced into boilers 
to prevent corrosion. The theory is that a feeble but continuous cur- 
rent of hydrogen is generated over the whole extent of the iron .by 
electrolytic action. The bubbles of hydrogen formed isolate the 
metallic surface from scale-forming substances. If there is but a little 
of the scale-forming element it is precipitated and reduced to mud; if 
there is considerable, coherent scale is produced which takes the form of 
the iron surface but does not adhere to it, being prevented from doing 
so by the intervening bubbles of hydrogen. Zinc is ordinarily sus- 
pended in the water space of the boiler in the shape of blocks, slabs,, 
or as shavings in a perforated vessel. Electrical connection between 
the metallic surfaces is essential. Rolled zinc slabs 12 X 6 X i inches 
have found much favor in marine practice. Generally speaking one 
square inch of zinc surface is sufficient for every 50 pounds of water 
in the boiler, though the quantity placed in the boiler should vary with 
the hardness. The British Admiralty recommends the renewing of the 
zinc slabs whenever the decay has penetrated to a depth of | inch 
below the surface. Zinc does not prevent corrosion or scale formation 
in all cases and may even aggravate the trouble. 

Use of Zinc in Boilers: Prac. Engr., Dec., 1911, p. 835; Power, Oct. 18, 1910, 
p. 1874; Sept. 27, 1910, p. 1734. 

263. Methods of Introducing Compounds. — Boiler compounds may 
be introduced into the boiler continuously or intermittently. Small 
quantities introduced continuously or at short intervals are more effec- 
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tive than large quantities at long intei*vais. Continuous feeding is 
ordinarily brought about by connecting the suction side of the feed 
pump with a reservoir containing the compound in solution, arranged 
similarly to an ordinary cylinder oil lubricator. In large plants an 
independent pump is often used to force the solution into the feed line. 
Intermittent feeding is brought about by temporarily connecting the 
suction of the feed pump with the reservoir containing the compound. 
The use of boiler compounds does not necessarily prevent scale from 
forming in time, though it will reduce the evil to a minimum. In some 
instances "where compounds are used it is found necessary to run a 
tube cleaner through the tubes at certain intervals, in others such a 
course has not been found necessary. 

364. Mechanical Purification. — ■ Waters containing sand, mud, or- 
ganic matter, and in fact all matter which is not in solution or in chemi- 
cal combination with the water may be purified by mechanical filtra- 
tion. Mud and sand may be eliminated by simply permitting the 
water to stand for some time in setthng tanks. Suspended matter 
which will not gravitate to the bottom may be removed by filtering the 
water through coke, cloth, excelsior, or the like. Filters should be in 
duplicate for continuity of operation. 

Vegetable and other organic impurities commonly float on the sur- 
face of the water when the boiler is making steam, and may be blown out 
through a surface blow-out.^’ (See paragraph 88.) 

Precipitated matter may be ejected from the boiler by frequent 
blowing off before it has time to adhere and bake to a crust. This 
procedure is particularly essential when boiler compounds are used. 

For description and use of mechanically operated tube cleaner see 
“ paragraph 92. 

365. TSiermal Purification. — (See also Live Steam Purifiers, para- 
graph 298.) The carbonates of lime and magnesia are held in solution 
in fresh water by an excess of carbon dioxide and are completely pre- 
cipitated by boiling. At ordinary temperatures carbonate of lime is 
soluble in approximately 20,000 times its volume of water, at 212 
deg. fahr. it is slightly soluble, and at 290 degrees it is insoluble. Sul- 
phate of lime is much more soluble in cold than in hot water, and is 
completely precipitated at 290 degrees, (Revue de M6camque, Novem- 
ber, 1901, pp. 508, 743.) 

Thus it will be seen that the application of heat will completely pre- 
cipitate these scale-forming elements provided the teiriperaturc is high 
enough and sufficient time is allowed for action. In the commercial type 
of exhaust and live steam heaters complete precipitation cannot be 
effected on account of the short time the water is held in them, and bo- 
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cause of the limited space for retaining the scale. There is no question 
but that some of the scale-forming elements are removed from the feed 
water by exhaust and live steam heaters but the amount precipitated is 
but a small fraction of the total except in cases of unusually pure w^ater. 

Efficiency of Live Stea?n Feed Heater: Power, Feb. 21, 1911, p. 295. 

^66. Water SofteBiiig. — When feed water contains a large amount 
of scale-forming material it is usually advisable to soften” it before 
allowing it to enter the boiler rather than to introduce the chemical 
reagent into the boiler. The complete softening of -water requires the 
removal of both its temporary and its permanent hardness. When 
water is softened outside the boiler and the sludge removed by sedimen- 
tation and filtration before delivering it to the heater the chemicals 
used are almost invariably lime, Ca(OH) 2 , and soda ash, Na 2 C 03 , alone 
or in combination with each other. Other chemicals may effect the 
desired result more efficiently but their cost is prohibitive. The chemi- 
cal changes which take place when these reagents are added to water 
containing calcium sulphate, CaS 04 , magnesium sulphate, MgS 04 , 
calcium bicarbonate, Ca(HC 03 ) 2 or magnesium bicarbonate, Mg(HC 03 ) 2 , 
are as follows: 

CaS 04 + NasCOs = CaCOs + Na 2 S 04 . (230) 

MgS 04 + Ca(OH )2 + Na^COa = Mg(OH )2 + CaCOa + Na 2 S 04 . (231) 
Ca(HC 03)2 + Ca(OH )2 = 2 CaC 03 + 2 H 2 O. (232) 

Mg(HC 03)2 + 2Ca(OH)2 = Mg(OH )2 + 2 CaC 03 + 2 H 2 O. (233) 

'From these reactions the amount of reagent to be added to raw 
water may be calculated by considering the combining weights as 
follows: 

For soda ash and calcium sulphate 

CaS 04 : NasCOs = 1 : a:, (234) 

40 + 32 +4 (16) : 2(23) + 12 + 3(16) = 1 : x, (235) 

:r = 0.779, 

in which 

X = soda-ash factor or the weight of soda ash required per lb. of cal- 
cium sulphate. 

By similar calculations the factors for salts which require soda ash 
are found to be as follows: 


^ Salt. 

Soda-asli factor. 

Calcium chloride, CaCh 

0.955 

Magnesium chloride, MgCb. 

1.113 

Magnesium sulphate, MgS04 

Calcium sulphate, CaS04 

0.881 

0.779 
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For salts which require lime: 



1 Factor, 

i 

Salt. 

Lump-lime, CaO. 

Hydrated-lime, 

Ca(OH)2. 

i 

Sodium carbonate, Na2C03 . . 

0 529 

0 699 

Magnesium chloride, MgCl 2 . . - 

0 589 

0 778 

Magnesium sulphate, MgSOi. . ... 

0.466 

0 616 

Magnesium bicarbonate, Mg (HC 03)2 

0 767 

1.014 

Magnesium carbonate, MgCOs . . 

1 330 

1 757 

Calcium bicarbonate, Ca (HC03)2. ... 

0 346 

0 457 

Calcium carbonate, CaCOs ... . ... - 

0 560 

0 740 


If any of the salts tabulated above occur in a water analysis multiply 
the amount of each by the corresponding factor and the product will 
represent the weight of reagent to be used. 

The sulphates and chlorides of sodium and potassium in raw water 
need not be considered since they do not add to the hardness. 

If a water has been properly softened there will be little if any scale 
since the small amount of lime and magnesia salts left in the water are 
of such a character that when precipitated as a result of concentration 
in the boiler only a slight sludge is formed. This sludge can be kept 
at a minimum by proper blowing off. 

The lime-soda process does not eliminate all the scale-forming salts 
but removes a large part of them. The precipitates formed are them- 

TABLE 102. 


EFFECT OF SODA-LIME T^DATMENT AND FILTRATION. 
Niagara Riveir — Buffalo, N. Y. 


Raw. 

Gr. per 

IT S. 
Gallon. 

Treated. 

Gr. per 

U. 8. 
Gallon. 

Volatile and organic matter. . 

trace 

Volatile and organic matter . 

trace 

Silica 

IM 

Silica 

0.15 

Oxides of iron and alumina. . . 

trace 

Oxides of iron and alumina. . 

trace 

Calcium carbonate 

2.20 

Calcium carbonate 

1.25 

Calcium sulphate 

2 U 

Magnesium hydrate 

0 25 

Magnesium carbonate 

0.48 

Sodium sulphate 

2 21 

Magnesium chloride 

0.05 

Sodium chloride 

0.80 

Magnesium nitrate 

Sodium chloride 

1.16 

0.76 

Sodium nitrate 

1.31 

Total solids 

Suspended matter 

Free carbonic acid 

8.61 

0.10 

1.43 

Total solids 


Incrusting substances 

7.85 

Incrusting substances 

1.65 


Cost of treatment, 0.8 cent per 1000 gallons. 
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selves partly soluble in water and it is therefore impossible to reduce 
the hardness below, say, 4 grains per gallon. 

Table 102 shows the influence of soda-lime treatment in a specific 
case. 

Causticity y as used in water treatment, is a term to indicate the 
presence of an excess of lime added during treatment. Alkalinity is a 
general term used for the presence of compounds having the power to 
neutrahze acids. For an excellent discussion of this subject consult 

Water for Steam Boilers — Its Significance and Treatment” by 
Scott & Bailey, Jour. A.S.AI.E., Nov., 1916, p. 867. 

Caustic Soda and Boiler Corrosion: Prac. Engr., Feb. 15, 1916, p. 211. 

367. Water-softening and Purifying Plants. — The term ^Svater-soften- 
ing” is ordinarily apphed to systems in which the temporary and per- 
manent hardness of the water are eliminated or reduced to a minimum, 
whereas the term “purifying” refers to systems in which some par- 
ticular impurity or impurities are neutralized or completely removed. 
In boiler practice these terms are used synonymously and are applied 
to all systems of water treatment outside the boiler. Water-softening 
plants include two types of cold processes, the intermittent and the 
continuous] and the hot process. The cold-process plant is used chiefly 
in softening waters for locomotives and in large plants where water is 
used in considerable quantities. The hot process is commonly used in 
plants where exhaust steam is available for heating the water. 

A typical continuous system is illustrated in Fig. 334. The hard 
water enters the softener through the inlet pipe, is discharged into the 
raw water box, whence it passes over the water wheel, and thus generates 
the power necessary to maintain the reagents in constant agitation. 
From the water wheel the hard water passes into the top of the cone, 
where it meets the reagents delivered by the lift pipe and is thoroughly 
mixed with them. The reagents are dissolved in the mixing tank, lo- 
cated at the ground level, and by means of a steam, electric, or power 
pump are then elevated into the chemical tank above. One charge is 
sufficient to last ten hours or more. The reagents are apportioned to 
the amount of incoming raw water to the dividing box. (Inasmuch 
as the “head” over this stream varies directly with any fluctuation of 
the main hard water stream, the two streams are constantly maintained 
in the same proportion to each other.) In the dividing box this small 
stream is again divided by a slide which throws one part of the water 
back into the hard water stream and another part — which determines 
the rate of flow of the chemicals — into the regulating tank. As the 
level of water in the regulating tank rises, the float rises likewise and 
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by means of a connecting chain lowers the mouth of the lift pipe in the 
reagent tank. Through this lift pipe the reagents flow into the top 
of the cone and intimatel}" mix with the raw’ w^ater. The reaction 
between the raw w’-ater and the reagents starts as soon as they meet, 
and as the mixture flow^s from the mixing plate into the reaction cone 
or downitake, the precipitation of the scale-forming and soap-destroying 
material commences to take place. Flowing at a constantly decreasing 
rate, owing to the constantly increasing diameter of the channel, the 
water passes to the bottom of the cone, turns and fiow-s upward still at 
a constantly decreasing rate, the precipitate falling away from it as it 
moves. Finally the w^ater passes through a filter which removes any 
slight trace of precipitate that remains; and it then is discharged from 
the top of the softener. The precipitate, which consists of the impuri- 
ties of the raw^ water and the softening chemicals in chemical union, 
falls to the bottom of the main tank and is from time to time discharged 
therefrom through a sludge valve. An electric indicator is provided 
which rings a bell half an hour before a new supply of reagents is needed 
and thus notifies the attendant of the fact. The lift pipe is a tube, 
flexible for a portion of its length, through which the chemicals leave 
the chemical tank. By means of the regulating device the mouth of 
this tube is maintained at a constant depth of immersion in the surface 
of the dissolved reagents. 

In the Scaife system for water purification feed water first enters the 
heater, where it attains a temperature of from 200 to 210 deg. fahr. 
As a portion of the free CO 2 is driven off by the heat the carbonates of 
lime and magnesia are precipitated and are deposited in removable pans 

PRECIPITATINID 



Fig. 335. General Arrangement of Scaife System of Feed-water Purification. 


inside the heater. On its way the heated water is forced by the boiler 
feed pump into a large precipitating tank, where the necessary chemicals 
are introduced by two small pumps. These pumps take the solution 
of chemicals from the solution tanks which hold a sufficient quantity 
to operate the plant from eight to twelve hours. The precipitating tank 
is so constructed as to cause intimate and thorough mixing of the 
chemicals with the water. Thus the acids are neutralized, and the 
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scale-forming substances are precipitated by being changed to insoluble 
substances which sink to the bottom of the precipitating tank, whence 
they are readily removed. Some of the lighter substances remaining 
in suspension are carried along with the water as it passes into the 
jSJters, which effectively remove all suspended matter. This system 
is continuous in operation, and purification is accomplished without 
appreciably retarding the onward flow of feed water. Eig. 335 shows 




Fig. 336. General Arrangement of We-Fu-Go System of Feed-water Purification. 

a modification of the system. The chemicals are pumped from the 
''chemical tank’' into the "solution tanks," where the feed water and 
chemical solution are thoroughly mixed. The treated water is taken 
from these tanks and pumped into the "precipitating tanks" where a 
large portion of the scale-forming element is precipitated. From the 
precipitating tanks the water is forced through a series of filters to 
the boiler. 
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Fig. 336 illustrates the We-Fu-Go system of water purification. In 
this installation the water supply first enters the settling or treating 
tanks into which the chemicals are fed. A thorough mixture is effected 
by the use of the two armed paddles located near the bottom of the 
tanks. From the treating tanks the water flows by gravity into the 
filters, which remove all remaining impure solid matter which does not 
settle to the bottom of the treating tank. The pipes conducting the 
water from the settling tanks to the filter are fitted with a flexible joint 
and float so that the outlets are near the surface at all times, rising and 
falling with the water level. From the filters the purified water gravi- 
tates into the clear water storage reservoir, from which it is pumped 
into an open heater and thence to the boiler. This system is intermit- 
tent in operation, and in order to provide sufficient time for thorough 



Fig. 337. Anderson System for Preventing Corrosion in Condensers. 


chemical treatment of large quantities, two or more settling tanks are 
employed. Both the We-Fu-Go and Scaife systems are modified in a 
number of ways to meet different conditions. 

Fig. 337 shows the general arrangement of the Anderson system 
for preventing corrosion in condensers and removing oil from condensed 
steam. The method consists in injecting into the exhaust steam as it 
passes from the preheater to the condenser a solution containing a 
coagulant which changes the emulsion of the cylinder oil to a flaky 
condition so that it may be separated by settling, flotation, or filtering. 
The air pump delivers the water to the settling tank F, whence it is 
taken to the open gravity filters (?, G, of a superficial area proportional 
to the amount of water to be passed and containing a filter bed of four 
feet of crushed quartz. This will run about four days without any 
marked difference in eflflciency, after which time the bed is stirred to a 
depth of two feet by mechanical agitators and flushed with clean water, 
by which all impurities are carried to the sewer. The solution is pre- 
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pared in tank A, in which the water level is preserved by a ball float 
and into which filtered water is admitted through pipe B, while the 
substance with which the water is treated is pumped in through the 
pipe D by a small pump operated from the main engine. The flow to 
the “rose head^^ above the condenser is controlled by the valve E, 
and a meter in this pipe records the amount being fed. The water 
ordinarily required for “make up'' is sufficient to carry in the solution. 
There is very little loss of water, and the rapid corrosion of the con- 
denser tubes, which has been so great an obstacle to the successful use 
of surface condensers, is much reduced. The chemicals used perform 
a twofold duty, viz., to neutralize the water and make it chemically 
inactive and to coagulate the oily matter contained in the steam so that 
mechanical filfcration is possible. (Power, June, 1903, p. 304.) 

Fig. 338 shows a side elevation and a sectional end elevation of a 
Permutit water-softening plant. Referring to the sectional end eleva- 
tion it will be seen that the raw water is delivered to the top of a closed 
tank and is caused to percolate successively through a layer of crushed 
marble, Permutit and gravel. This filtration effects the necessary 
purification. Permutit is the trade name of artificially manufactured 
hydrous silicates produced from clay, feldspar, soda ash and pearl ash. 
Permutit has the property of automatically eliminating all hardness 
from the water passing through it. It is a process of exchange, the 
calcium and magnesium in the water being replaced by the sodium in* 
the Permutit. The softening continues until the sodium is used up. 
After the latter is exhausted the Permutit may be restored to its origi- 
nal efficiency by soaking it in common brine. The calcium and mag- 
nesium are thrown off and the sodium from the brine takes their place. 
Permutit is insoluble and a large excess of the reagent may be used 
without producing causticity, since it automatically gives up only 
enough soda to effect the required softening. See Power, Feb. 8, 
1916, p. 198 and “Chemistry of Permutit,” pamphlet published by 
the Permutit Company, N. Y. 

Water-softening plants cost from $4 to $5 per horsepower for plants 
of 1000 horsepower and less, from $3 to |4 for plants of 1000 to 2000 
horsepower, and as low as $1.50 for plants of 5000 horsepower or more. 
The depreciation of wooden tanks is as high as 15 per cent a year, while 
that of steel tanks should not be greater than 5 per cent. Unless wooden 
tanks are considerably cheaper than steel tanks they are not a good 
investment. The cost of water purification varies from a fraction of a 
cent to 2 cents per 1000 gallons, depending upon the size of the plant 
and the quantity and character of the impurities. (American Elec- 
trician, March, 1905, p. 125.) 



Salt Tanks 



Fig. 338, Side Elevation and End-sectional Elevation of a Permutit Water-softening Plant, 
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Water Softening and Treatment for Power Plant Purposes: Chem. Engr., Jan.j 
1910, p. 5; Eng. News, June 6, 1912, p. 1087; Ry. Age Gazette, Aug. 16, 1912, 
p. 288; Ry. Master Mechanic, May, 1910, p. 153; Power, May 28, 1912, p. 780; 
Apr. 18, 1911, p. 598; Prac. Engr., U. S., Mar., 1910; see (Serial) 1915. 


Economy of Preheating Feed Water. — Although a feed-water 
heater acts to some extent as a purifier its primary function is that 
of heating the feed water. Generally speaking, for every 10 degrees 
that the feed water is heated there is a gain in heat of 1 per cent and a 
corresponding saving of coal, if the heat which warms the feed water 
would otherwise be wasted. Again, the smaller the difference in tem- 
perature between the steam and the feed water the less will be the 
strain on the boiler shell due to unequal expansion and contraction, an 
item of no small consequence. 

If H represents the heat content of the steam above 32 deg. fahr., 
to the temperature of the cold water, and t the temperature of the water 
leaving the heater, then S, the per cent gain in heat due to heating the 
feed water, may be expressed 


The expression is not theoretically correct, since it assumes a con- 
stant value of unity for the specific heat, whereas the specific heat varies 
with the temperature. The variation is so slight, however, that it 
may be neglected for all practical purposes. 


Example 51. Steam pressure 100 pounds gauge; temperature of 
water entering heater 80 deg. fahr. ; temperature of water leaving heater 
210 deg. fahr. Required, saving due to heating the feed water. 

Here H (from steam tables) is 1188, to = 80, t — 210. 


;S = 100 


(210 ~ 80) 


1188 - (80 - 32) 
= 11.4 per cent. 


This equation gives the thermal saving only, and the first cost of the 
heater, interest, depreciation, attendance, and repairs must be taken 
into consideration before the net saving measured in dollars and cents 
is ascertained. In the average installation the net saving is a substan- 
tial one. 

Table 103 based upon equation (236) may be used in determining the 
percentages of saving due to the increase in feed-water temperature. 

Feed-water Heating. — Power, June 25, 1912; Eng. News, Sept. 9, 1909, p, 284; 
Elec. Wld., March 2, 1911, p. 551; Mech. Engr., Nov. 5, 1909, p. 588; Engr. U. S., 
Jan. 1, 1906, p. 8, Aug. 15, 1904, p. 15; St. Ry. Jour., July 22, 1905, p. 145. 
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TABLE 103. 

PERCENTAGE OF SAVING FOR EACH DEGREE OF INCREASE IN TEMPERATURE 

OF FEED WATER. 

(Based on Marks & Davis Steam Tables.) 


Initial 


Boiler Pressure Above Atmosphere. 


of Feed . 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

32 

.0869 

.0857 

.0851 

.0846 

.0843 

.0841 

.0839 

.0837 

.0835 

.0834 

.0834 

40 

.0875 

.0863 

.0856 

.0853 

! .0849 

.0846 

.0845 

.0843 

.0841 

.0840 

.0839 

50 

.0883 

.0871 

.0864 

.0859 

. 0856 | 

.0853 

.0852 

.0850 

.0848 

.0847 

.0846 

60 

.0891 

.0878 

.0871 

.0867 

.0864 

.0861 

.0859 

.0857 

.0855 

.0854 

.0853 

70 

.0899 

.0886 

.0879 

.0874 

.0871 

.0868 

.0867 

.0865 

.0863 

.0862 

.0861 

80 

.0907 

.0894 

.0887 

.0882 

.0878 

.0876 

.0874 

.0872 

.0871 

0870 

.0869 

90 

.0915 

.0902 

1 .0895 

.0890 

.0887 

.0884 

.0882 

.0880 

.0878 

.0877 

.0876 

100 

0924 

.0910 

.0903 

.0898 

.0895 

.0892 

.0890 

.0888 

.0886 

0885 

.0884 

no 

.0932 

.0919 

.0911 

.0906 

1 .0903 

.0900 

.0898 

.0896 

.0894 

.0893 

.0892 

120 

.0941 

.0927 

.0919 

.0915 

.0911 

.0908 

.0906 

.0904 

.0902 

.0901 

.0900 

130 

.0950 

.0936 

.0928 

.0923 

.0919 

.0916 

.0915 

.0912 

.0911 

.0910 

.0909 

140 

.0959 

.0945 

.0937 

.0931 

.0928 

.0925 

.0923 

.0921 

.0919 

.0918 

.0917 

150 

.0969 

.0954 

.0946 

.0940 

.0987 

.0933 

.0931 

0930 

.0928 

,0927 

.0926 

160 

.0978 

.0963 

.0955 

.0948 

.0946 

.0942 

.0940 

.0938 

.0936 

.0935 

.0934 

170 

.0988 

.0972 

.0964 

.0958 

.0955 

.0951 

.0948 

.0947 

.0945 

.0944 

.0943 

180 

.0998 

.0982 

.0973 

.0968 

.0964 

.0960 

.0958 

.0956 

.0954 

.0953 

.0952 

190 

.1008 

.0992 

,0983 

.0977 

.0973 

.0969 

.0968 

; .0965 

.0964 

.0963 

.0962 

200 

.1018 

.1002 

.0993 

.0987 

.0983 

.0978 

.0977 

.0974 

.0973 

.0972 

.0971 

210 

.1029 

.1012 

.1003 

.0997 

.0993 

.0989 

.0987 

.0984 

.0983 

.0982 

.0981 

220 


.1022 

.1013 

.1007 

.1003 

.0999 

.0997 

.0994 

.0992 

.0991 

.0990 

230 


1 .1032 

.1023 

.1017 

.1013 

.1009 

.1007 

.1004 

.1002 

.1001 

.1000 

240 


.1043 

1 .1034 

.1027 

.1023 

.1019 

.1017 

.1014 

.1012 

.1011 

.1010 

250 


.1054 

.1044 

.1008 

.1034 

.1029 

.1027 

.1024 

.1022 

,1021 

.1020 


Multiply the factor in the table corresponding to any given initial temperature of feed water and boiler 
pressure by the total nse in fee4-water temperature; the product will be the percentage of saving. 


JJ69. Classification of Feed-water Heaters. — Feed-water heaters may 
be classified according to the source of heat, as 

1. Exhaust steam, in which the heat is received from the exhaust of 
engines, pumps, etc. 

2. Flue gas, in which the waste chimney gases are the source of the 
heat. 

3. Live steam purifiers, or those using steam at boiler pressures; or 
according to the method of heat transmission, as 

1. Open heaters, in which the steam and feed water mingle and the 
steam in condensing gives up its heat directly to the water. 

2. Closed heaters, in which the steam and water are in separate 
chambers and the steam gives up its heat to the water by conduction. 

Heaters may also be classified according to the pressure of the heat- 
ing steam, as 

1. Vacuum or primary, in which the pressure is less than atmospheric 
and applies particularly to heaters utilizing the exhaust of condensing 
engines. These are always of the closed type. Open heaters in which 
the pressure is less than atmospheric are not usually classed as vacuum 
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heaters. 2. Atmospheric or secondary, in which the pressure is atmos- 
pheric or, literally, that corresponding to the back pressure on the 
engines and pumps. 

3. Pressure, in which the pressure corresponds to that in the boiler 
and in which the heat is used primarily for purifying purposes. 


CLASSIFICATION OF A FEW TYPICAL HEATERS. 


Exhaust steam 


Flue Gas . . 
Live Steam 


Open . . .Atmospheric 

PI j ] Atmospheric. . . . 

v^iosea I or pressure 


Open Pressure 


Cochrane 

Hoppes 

Stillwell 

Webster 

’ Wainwright I Water 
. Wheeler. . . . f Tube 

Otis / Steam 

Berryman . . ) Tube , 
’ Green 
■ American 
. Sturtevant 
( Hoppes 
1 Baragwanath 


Heaters may be still further classified as 

1. Induced, in which only such steam is admitted as is induced by 
its condensation. That is, the feed water condenses the steam. This 
creates a partial vacuum which draws in more steam. 

2. Through, in which all the steam is forced through the heater 
irrespective of condensation. 

^70. Open Heaters. — Fig. 339 gives a sectional view of a Cochrane 
special feed heater and receiver and is a typical example of an open 
heater. Exhaust steam enters the heater through a fluted oil separa- 
tor as indicated, and passes out at the top, while the oily drips are 
automatically drained to waste by a suitable ventilated float. The 
feed water enters through an automatic valve and is distributed over 
a series of copper trays so arranged and constructed that the water is 
forced to fall in a finely divided stream before reaching the reservoir in 
the bottom. The steam coming in contact with the water particles 
gives up latent heat and condenses. Some of the scale-forming element 
is deposited on the surface of the trays, from which it may be removed. 
The suspended matter is eliminated by a coke filter in the bottom of 
the chamber, and the floating impurities are decanted by a skimmer 
or overflow weir. The particular heater shown in the illustration is 
especially designed for use in a steam-heating plant; i.e., besides per- 
forming all the functions of an open heater, it provides for the reception 
and heating of the condensation returned to it from the heating system. 

Fig. 340 shows a section through a Hoppes open heater, illustrating 
the '^pan'^ type. Exhaust steam enters at H, passes through oil filter 0, 
and completely surround pans T, T, The feed water enters at 
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and, the rate of flow is regulated by valve F, which is controlled by a 
suitable float in the lower part of the chamber. The water in flowing 
over the sides and bottoms of the pans comes in dnect contact with 
the steam. 

Coml)iiied Open Heater and Chemical Purifier. — Combined 
feed-water heaters and chemical purifiers are finding increased favor 
with some engineers in many districts where the feed water is particu- 
larly bad and when space limitations preclude the use of water-softening 
plants. Although better than the plain open heater the purification is 
not thorough because of the short time that the water is in the heater. 

372. Temperatures in Open Heaters. — The temperature to which feed 
water is raised in an open heater may be determined as follows: 

Let H represent the heat content of the steam entering the heater, 

U the temperature of the water entering heater, 
t the temperature of the water leaving heater, and 
S the ratio of exhaust steam to the feed water, by weight. 


Then, allowing a loss of 10 per cent due to radiation, etc., 0.9 S 
(H — t + 32) will be the B.t.u. given up by the exhaust steam to each 
pound of feed water, and {t — U) wnll be the B.t.u. absorbed by each 
pound of water. 

Therefore 0.9 (H - ^ + 32) = ^ - fo, from which 


4 + 0.9/S(H + 32) 
1 -f- 0.9 8 


(237) 


TABLE 104. 

FIITAL FEED- WATER TEMPERATURES. OPEN HEATER. 
(Temperature of steam, 212 degrees F.) 

Initial Temperature of Feed Water, Degrees F, 



1 

40 

50 

GO 

70 

80 

00 

100 

110 

120 

I 130 

'2 

2 

60.1 

69.9 

79.7 

89.5 

94.4 

109.2 

119.0 

128.8 

138.7 

14^ 

P j 

3 

69.9 

79.61 

89.3 

90.1 

108.8 

118.6 

128.3 

138.0 

147.8 

157.5 

s . 

4 

79.5 

89.1 

98.8 

108.5 

118.1 

127.8 

137.4 

147.1 

156.7 

166.4 

1 s 

5 

S9.0 

98.5 

108.1 

117.7 

127.2 

136.8 

146.4 

155.9 

165.5 

175.1 

2 § 

6 

98.3 

107.7 

117,2 

126.7 

136.2 

145.7 

155.2 

164.7 

174.2 

183.6 

ci ^ 

7 

107.4 

116.8 

126.2 

135.6 

145.0 

154,4 

163.8 

173.2 

182.5 

192.1 


8 

116.4 

125.7 

135.0 

144.4 

153.7 

163,0 

172.4 

181.8 

191.0 

200.3 

o 

9 

125.2 

134.5 

143.7 

153.0 

162.2 

171.5 

180.7 

190.0 

199.2 , 

208.5 


1 10 

133.3 

143.1 

162.3 

161.4 

170.6 

179.8 

189.0 

198.1 

207.3 

212.0 

S 

11 

142.5 

151.6 

160.7 

169.7 

178.9 

188.2 

197.0 

206.2 

212.0* 

212 . 0 * 

Ph 

12 

150.9 

159.9 

168.9 

177.9 

187.0 

196.0 

205.0 

212.0* 

212.0* 

212.0* 


* All of the steam not coiideiifled. 
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If more steam passes through the heater than can be condensed by 
the feed water, then this equation gives t a fictitious value; in other 
words, t can never be greater than the temperature of the exhaust steam. 

Substituting t = 212, the maximum obtainable temperature with 
exhaust steam at atmospheric pressure, and solving for S, Tve find that 
only 17 per cent of the main engine exhaust is necessary to hbat the 
feed water to a maximum, to is assumed to be 60 deg. fahr. 

Table 104 has been determined from this equation and gives the final 
temperatures obtainable in open heaters for various conditions of 
operation. 

Example 52. A power plant has 1200 i.hp. of engines using 20 
pounds of steam per i.hp-hour. Auxiliaries use 2400 lb. steam per hr. 
Pressure in heater 0 pounds gauge, temperature of hot-well supply 
110 deg. fahr. Required temperature of feed water leaving heater. 

Here H = 1150 (from steam tables), to = 110, S = 0.10. 

Substituting these values in (237), 

0.9 X 0.10 (1150 -t + Z2) no. 

t = 198 deg. fahr. 

373. Pan Surface Required in Open Feed-water Heaters. — Pan or 
tray surface required varies according to the quality of the water with 
regard to both scale-making material and mud, and may be approxi- 
mated by the formula 

Pan surface, sq. ft. - per hour 



Vertical Type. 

Horizontal 

Type- 

For very muddy water, c 

118 

110 

Slightly muddy water, c 

166 

155 

For clean water, c 

500 

400 



374. Size of Shell, Open Heaters. — General proportions of open heaters 
vary considerably on account of the different arrangements of pans or 
trays, filter and oil-extracting devices. A fair idea of the size of shell 
required may be obtained by the formulas 

Horsepower 


Area of shell = 


Lengt-h of shell 


a X length in feet ^ 
Horsepower 

a X area in square feet ^ 


(239) 

(240) 


a = 2.15 for very muddy water, 
a = 6 for slightly muddy water, 
a = 8 for clean water. 
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The horsepower in this case is obtained by dividing the weight of water 
heated per hour by the steam consumption of the engine per horse- 
PQwer per hour. 

Pans containing 2.5 square feet and less are usually made round, and 
larger sizes rectangular in plan. When circumstances will permit it 
is better to have not more than six pans in any one tier, since it is 
advisable to proportion the pans so as to obtain, as low a velocity over 
each as practicable. 

Distance between trays or pans is seldom less than one-tenth the 
width for rectangular and one-fourth the diameter for round pans. 
Volume of storage and settling chamber in horizontal heaters varies 
from 0.25 for good quality of water to 0.4 of the volume of the shell 
for muddy water, 0.33 being about the average. In the vertical type 
the settling chamber represents respectively 0.4 and 0.6 the volume of 
the shell with clear and muddy water. Filters occupy from 10 to 15 
per cent of the volume of the shell in the horizontal type and from 15 
to 20 per cent in the vertical type, the smaller percentage correspond- 
ing to clear water and the larger to muddy water or water containing a 
considerable quantity of impurities. 

O'Pen Heaters: Cassier’s Mag., Aug., 1903, p. 33; Engr. U. S., Jan. 1, 1906, pp. 
17, 78; St. Ry. Jour., Feb. 4, 1905, p. 227;, Elec. Wld., Apr. 27, 1911, p. 1051. 

275. Types of Closed Heaters. — Closed heaters may be grouped into two 
classes: 

1. Water tube, Fig. 341, and 

2. Steam tube, Fig. 345. 

Closed heaters, both water tube and steam tube may operate with 

1. Parallel currents^ where the water and steam flow in the same 
direction. Fig. 344, or with 

2. Counter currents^ where the water and steam flow in opposite 
directions, Fig. 343. 

Water-tube heaters may be still further classified as 

1. Single-flow j in which the water flows through the heaters in one 
direction only. Fig. 341. 

2. Multi-flow, in which the water flows back and forth a number of 
times, as in Fig. 343. 

3. Coil heater, in which the water flows through one or more coils, 
as in Fig. 344. 

4. Film, in which the water is forced across the heating surface in a 
thin sheet or film. 

270. Water- tube Closed Heaters. — Fig. 341 shows a section througli 
a feed-water heater of the single-flow straight-tube type. The tubes 
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are of plain brass and the shell of cast iron. The tubes are expanded 
into the tube sheets by a roller expander. To provide for expansion 
the upper tube sheet and water chamber are secured to the mam shell 
by means of a special exoansion joint the details of which are shown 



Fig. 341. Goubert Single-flow 
Closed Heater. 


in Fig. 342. £ is a ring or 

gasket of soft annealed copper 
and G, G two gaskets of special 
packing with brass wire cloth 
insertion. These gaskets form 
a flexible expansion joint be- 
tween C and tube sheet D, so 
that the whole upper chamber, 
which is carried solely by the 
tubes, is free to move up and 
down as the tubes expand or 
contract under varying tem- 
peratures. 



Fig. 342. Details of Expansion Joint, 
Goubert Heater. l 


Fig. 343 shows a section through a Wainwright heater, illustrating 
the multi-flow water-tube type. The body of the heater is of cast iron, 
the tubes of corrugated copper. The water passes through the tubes 
and the steam surrounds them. The feed water and exhaust steam 
do not mingle, and hence the oil in the exhaust does not contami- 
nate the water. The water chambers are divided into several com- 
partments, as shown in the illustration, and the partitions are so 
arranged that the flow of feed water is directed back and forth through 
the various groups of tubes in succession. This arrangement gives a 
higher velocity of flow than the non-return type of heater, and therefore 
increases the rate of heat absorption. The mud and impurities settle 
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at the bottom and are discharged through the mud blow-off. Such 
impurities as rise to the surface are removed by the surface blow-off. 
The tubes are corrugated to allow for expansion and at the same time 
to increase the transmission of heat. Referring to Fig. 343: Exhaust 
steam enters at A and leaves at S, and the portion which is condensed 



Fig. 343. Wainwright Multiflow 
Closed Heater. 



Fig. 344. Typical Coil Heater. 


is drawn off at D. Feed water enters at I and is discharged at 0. P, 
P are mud blow-offs and S is an opening for a safety valve. Fig. 356 
gives results of tests showing the relative efficiencies of plain and corru- 
gated tubes for various velocities. 

Fig. 344 shows a partial section through a Harrisburg feed-water 
heater. This apparatus is a typical example of the coiled-tube heater. 
Three sets of concentric copper coils are brazed to gun-metal manifolds 
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and supported by clamp stays as indicated in the illustration. Feed 
water enters the heater at the bottom manifold and passes through the 
coils to the feed outlet. The exhaust steam enters the heater at the 
bottom and surrounds the coils in its passage to the outlet at the top. 
The coils are designed to withstand a pressure of 600 pounds per square 
inch. 

^77. Steam-tiil)e Closed Heaters. — Fig. 345 shows a section through 
an Otis heater, illustrating the steam-tube type. Here the exhaust 


A C 



Fig. 345. Otis Steam-tube Feed- Fig. 346. Baragwanath Steam-jacketed 
water Heater. Feed-water Heater, 

steam passes through the tubes which are surrounded by the feed water. 
The exhaust steam enters at A, and passes down one section of tubes 
into the enlarged space of the water and oil separator 0, in which the 
condensation and oil are deposited. From this chamber the steam 
passes up through the other section of tubes to outlet C, thus passing 
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twice through the entire length of the heater. The winter enters at E 
and is discharged at G. R is the blow-off opening. The tubes are of 
seamless brass and are curved to allow for expansion. Condensed 
steana is withdrawn at P. 

Fig. 346 shows a partial section through a Baragwanath steam- 
jacketed steam-tube heater. Exhaust steam enters at A, passes up 
through the tubes, returns down annular space E between the inner 
shell and jacket, and passes out at B, Feed water enters at C and leaves 
at P. P is the scum blow-off, G the heater drain, and H the jacket drain. 

Film Heaters. — The heating element in a film heater con- 
sists usually of two spirally corrugated tubes, one within the other, the 
water path being the small annular clearances between the two. Thus 
the water is directed in a spiral path due to the corrugations, and for 
a given velocity the particles of water come more often in contact, 
with the heating surface than in plain tubes because they are contained 
within an annular space whose perimeter is large in comparison with its 
area. This type of heater though highly efficient in heat transmission 
necessitates the use of comparatively pure water and is not commonly 
used for feed water heating. 

379. Heat Transmission in Closed Heaters. — Since the closed heater is 
practically the same in principle as a surface condenser the laws of 
heat transmission are practically identical in both cases. The tempera- 
ture of the steam and water are higher in the atmospheric heater but 
otherwise the heat exchange is the same in all heaters and condensers 
of the water-tube type. Increasing the velocity of the water passing 
through the heater increases the rate of heat transmission and thereby 
renders the heating surface more effective. In order to employ moder- 
ately high velocities and at the same time allow suflicient time in which 
to raise the temperature to a maximum, the tubes should be as long as 
practicable and of small diameters. Other things being equal, a heater 
containing a large number of tubes of small diameter is more efficient 
than one containing a small number of largo tubes. It is important to 
proportion the heater according to the amount of water to be heated 
and the maximum temperature to which the water must be raised. In 
designing a heater, then, the maximum temperature to which the water 
is to be raised and the coefl&cient of heat transfer are assumed and the 
amount of heating surface is calculated from equations 241 or 242. 

Although recent experiment* shows that the amount of heat trans- 
mitted through the heating surface is proportional to some power of 
the mean temperature difference the value of the exponent is not far 
from unity (0.8 to 0.9) and it may be safely taken as such, particularly 


’“Jour. A.S.M.E., Aug., 1915, p. 483. 
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in view of the liberal factor allowed in the assumed value of the coeffi- 
cient of heat transfer, U. With this assumption the extent of heating 
surface may be calculated from the following adaptation of equation 
( 210 ) 

( 241 ) 

in which 

S = total tube heating surface, sq. ft., 
c = mean specific heat of water; this may be taken as 1.0, 

IV = weight of water heated per hr., 

to = final temperature of the feed water, deg. fahr., 

to = initial temperature of the feed water, deg. fahr., 

U = mean coefficient of heat transfer for the entire surface, B.t.u. 

per sq. ft. per deg. difference in temperature per hour., 
d = mean temperature difference between the steam and that of the 
water. 

to — to 


d = 


log< 


4 


to 


(See Equation (219)) 


ta to, 


Substituting this value of d in equation (241) (taking c = 1) and re- 
ducing we have 

(242) 


S -Jj loge - _ ^ 


For a given extent of heating surface S, the temperature difference 
between that of the steam and the feed water leaving the heater may be 
calculated by solving equation (242) for ts — fe, thus 


ts to 

ts ^2 


= 6 




:C 


, 


(243) 


in which e = base of the Naperian logarithm 2.718^ 
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By taking different extents of area 
S and solving for the corresponding 
values of ts — k the temperature gradi- 
ent for a given heater may be obtained 
as illustrated in Fig. 347. 

From equation (241) it will be seen 
that extent of heating surface depends 
upon the weight of water to be heated, the temperature of the steam, 
the desired temperature of the feed-water heater and the value of U. 


Length of Tube 

Fig. 347. Temperature Gradient in 
Feed-water Heater Tube. 



596 


STEAM POWER PLANT ENGINEERING 


Since the extent of heating surfaces increases rapidly as approaches 
is, and becomes infinity for U = is, it is desirable to limit h to some 

practical figure. An average maxi- 
mum for h = ts ~ 4. 

The coefficient of heat transfer 
varies within wide limits depending 
upon type of heater and the con- 
ditions of operation, and ranges from 
U — 150 in steel tube heaters with 
low water velocities to 1000 or more 
in the film type of corrugated brass 
tube heaters with water velocity of 
7 ft. per second. In practice a lib- 
eral factor is allowed for possible 
heat reduction due to the presence 
of air and the accumulation of oil 
scale or other deposit on the tube 
surfaces. 

For steam coils submerged in 
Fig. 348. Coefficient of Heat Transfer, -^^^er and from which the condensa- 
(For General Design.) withdrawn as rapidly as it is 

formed the value of U in Table 105a appears to give satisfactory results. 

Example 53. Determine the length of fin. (0. thick 

brass tubes in a closed heater designed to heat water from 60 to 196 deg. 
fahr., steam temperature 212 deg. fahr., water velocity 2 ft. per sec., 
U = 400. 

^^ 3.14 
12 



^ IILVO < 


12 


di = o.mi 


l = length of tube, ft. 

2 X 3600 X T(PS 7200 X 3.14 X (-|)^ X 62.4 
w = — 


144 X 4 


144 X 4 


= 957 lb. per hr. 


Substituting these values in equation (241), 


From which 
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0-197 log. 


212 - 60 
212-196’ 


I = 27.3 ft. approx. 


Example 54. A 200-sq. ft. closed heater is rated at 40,000 lb. of 
water per hour, initial temperature, 60 deg. fahr., temperature steam 
212 deg. fahr., U = 300. Required the final temperature of tfie water. 
From equation (243), 


ts-h 

e = 2.718 

_ /Sf7 _ 200 X 300 
w 40,000 
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¥2-t, = 2-718‘-A 
or = 172.4 deg. fahr. 

TABLE 105. 


HEAT TRANSMISSION IN CLOSED FEED-WATER HEATERS. 
(Based on Commercial Designs.) 


Type of Heater. 

Coefficient of Heat Transfer, U. 

Range. 

Average. 

Single-flow plain brass tubes . . 

150- 300 

200 

Single-flow, corrugated brass tubes 

250- 400 

300 

Single-flow, steel tubes 

125- 175 

150 

^Spiral coils, plain brass tubes ' 

250- 500 

350 

Multi-flow plain brass tubes 

250- 500 

350 

Multi-flow, corrugated brass tubes 

350- 700 

400 

Plain brass tubes with retarders . 

350- 900 

450 

Film heater with corrugated tubes 

500-1100 

600 


* For small coils and high water velocities these values may be increased 100 per cent. 


TABLE 105a. 


HEAT TRANSFER —SUBMERGED STEAM COILS. 


Mean Temperature 
Difference. 

Coefficient of Heat Transfer, U. 

Iron. 

Brass. 

Copper. 

50 

100 

200 

220 

100 

175 

275 

300 

150 

200 

375 

400 

200 

225 

450 

475 


Example 55. Determine the size of vacuum and atmospheric heaters 
for a condensing plant of 1200 i.hp. Engines use 20 pounds of steam 
per i.hp-hr.; auxiliaries use the equivalent of 10 per cent of the main 
engine steam; vacuum 25 incnes referred to 30-inch barometer; feed 
water, = 50 degrees; temperature of hot well, ^2 = 110 degrees; 
coefficient of heat transmission, U — 300 B.t.u. 

Vacuum or Primary Heater, 

Feed water for main engines, 

20 X 1200 = 24,000 pounds per hour. 

Feed water used by auxiliaries, 

10 per cent of 24,000 = 2400 pounds per hour. 

Total feed, 

W = 24,000 + 2400 = 26,400 pounds per hour. 




TABLE 106. 

DEGREES OF DIFFERENCE BETWEEN STEAM TEMPERATURE AND ACTUAL AVERAGE TEMPERATURE OF FEED WATER. 
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TABLE 107. 

SQUARE FEET OP HEATING SURFACE REQUIRED TO HEAT 1000 POUNDS OF WATER PER HOUR. 

U = 350. 
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From equation (242), 


U 


U 


W 

-s = ^ log. ^ 

26,400 , 134 

= 110 square feet. 


50 


110 


On the basis of | square foot of surface per horsepower the rating of 
this heater will be 

110 X 3 = 330 horsepower. 


Atmospheric or Secondary Heater, 


The temperature of the feed water leaving the atmospheric heater, 
equation (237), will be 

U + 0.9 S (ff + 32) 


where 

whence 


^ ■ 1+0.9;S 

S = 0.10, U — 110 degrees, H — 1150B.t.u., 
110 + 0.9 X 0.10(1150 +32) 

^ 1 + 0.9 X 0.10 

= 198 degrees. 


The required surface is 


where 

whence 



is " ^^0 
ts-k 


4 = 212, to = no, k = 198, 
, 26,400 212 - no 

^ 300 ^^^"212-198 


= 175 square feet. 


The horsepower rating will be 

175 X 3 = 525. 


280 . Open vs. Closed Heaters. — Open and closed heaters have their 
respective advantages and a careful study of the various influencing 
conditions is necessary for an intelligent choice. The following parallel 
comparison brings out a few of the distinguishing features: 

Open Heater. Closed Heater. 

Efficiency. 

With sufficient exhaust steam for heat- The maximum temperature of the feed 
ing, the feed water may reach the water will always be 2 degrees or more 

same temperature as the steam. lower than the temperature of the 

Scale and oil do not affect the heat steam, 
transmission. Scale and oil deposit on the tubes and 

the heat transmission is lowered. 

Pressures. 

It is not ordinarily subjected to much The water pressure is slightly greater 
more than atmospheric pressure. than that in the boiler when placed 

on the pressure side of the pump ad is 
customary. 
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Safety, 

Sticking of tiie back pressure valve It will safely withstand any pressure 

cause it to ^‘blow up” if pro\nsion is like!}” to occur, 
not made for such an emergency. 

Purification. 

Since the exhaust steam and feed water Oil does not come in contact with the 
mingle, proHsion must be made for feedwater, 
removing the oil from the steam Scale is removed with difficulty. 

Scale and other impurities precipitated 
in the heater are readily removed. 

Location. 

M List always be placed above the pump May be placed anywhere on the pressure 
suction and on the suction side. side of the pump. 

Pumps. 

With supply under suction two pumps One cold-water pump is necessary, 
are necessary and one must handle 
hot water. 

Adaptability. 

Particularly adaptable for heating sys- All vacuum or primary heaters are 
terns where it is desired to pipe the necessarily of this type. 

^'returns” direct to heater. 

281 . “Through” Heaters. — Fig. 349 shows a typical installation of 
a through heater in a non-condensing plant. 



Fig. 349. Open Heater Connected as a “Through” Heater. Non-condensing Plant. 


It is evident that all the steam must pass through the heater. Now, 
one pound of exhaust steam in condensing gives up approximately 
1000 B.t.u. Hence, if the initial temperature of the feed water is 50 


degrees and the final temperature 210, the engine furnishes 


1000 

210 - 50 
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= 6.26, say, six times the quantity necessary for heating the feed water 
to a maximum. Therefore the area of the pipe supplying the heater 
with steam need be but one sixth that of the main exhaust. With the 
I heater connected as in Fig. 349 the connections must 

T| ^ necessarily be the same size as the exhaust pipe. 

1 With this arrangement the heater cannot be ^^cut 

while the engine is in operation and hence it 
g adapted for plants working continuously. 

C For the purpose of cutting out a heater while the 

A plant is in operation a through heater may be by- 

Jpin passed as in Fig. 350. Advantage may be taken 

I here of the permissible reduction in the size of 

1 pipes and fittings, i.e., valves, etc., at C and D 

oJ need be but one half the size of those at A. This 

— ^ ^ reduction in size may prove to be a considerable 
Fig. 350. Isnge installations. 

283. Induced Heaters. — Fig. 351 shows a typical installation of an 
induced heater in a non-condensing plant and Fig. 352 an induced pri- 
mary heater in a condensing plant. 

In the arrangement in Fig. 351 the number of fittings is reduced to a 
minimum and the heater may be readily cut out. Since induced heaters 



Fig. 351. Open Heater Connected as an ^‘Induced ” Heater. Non-condensing Plant. 


are apt to become air-bound, a vapor pipe or vent is inserted in the 
top of the heater as shown. This pipe varies from ^ to IJ inches in 
diameter, depending upon the size of heater. 

Closed Heaters: Am. Elecn., May, 1900, p, 236, July, 1900, p. 354, Oct., 1905, 
p. 530; Casaicr’s Mag., Aug., 1903, p. 330; Eng. U. S., Jan. 1, 1906, p. 13; Power, 
April, 1902, p. 11. 
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28S. LlYe-steam Heaters and Furifiers. — The function ""of a live- 
steam heater and purifier is primarily that of purification and hence it 
is not ordinarily installed unless the feed water contains scale-forming 
elements such as sulphates of lime and magnesia. These, as previously 



Fig. 354. Open Heater in Connection with a Jet Condenser. 

stated, are not entirely precipitated until a temperature of approxi- 
mately 300 deg. fahr. is reached; hence no amount of heating with ex- 
haust steam atmospheric pressure will thoroughly purify feed water 
containing these elements. 

Fig. 355 shows a section through a Hoppes live-steam purifier. Since 
the purifier is subjected to full boiler pressure, the shell and heads are 
constructed of steel. Within the shell are a number of trough-shaped 
pans or trays placed one above another and supported on steel angle 
ways. Steam from the boiler enters the chamber at A and comes in 
contact with feed water and condenses. The water on entering the 
heater at B is fed into the top pan and, overflowing the edges, follows 
the under side of the pan to the center and drops into the pan below. 
It flows over each successive pan in the same manner until it reaches 
the chamber at the bottom, whence it gravitates to the boiler through 
pipe C. As the steam inclosed in the shell comes in contact with the 
thin film of water, the solids held in solution are separated and adhere 
to the bottom of the pans in the same manner that stalactites form on 
the roofs of natural caves. Authentic tests show that live-steam heaters 
may increase the boiler efficiency. (See Power, Feb. 21, 1911, p. 295.) 
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The purifier should be set in such a position as will bring the bottom of 
the shell two feet or more above the water level of the boilers, as in Fig. 
356. N is the feed pipe from pump to purifier and should be provided 



Fig. 355. Hoppes Live-steam Purifier. 


with a check valve. D is the gravity pipe through which the purified 
water flows to the boiler. This pipe should be carried below the water 
level of the boilers and all branch pipes should be taken off below the 



Fig. 356. Typical Installation of a “Live-steam” Purifier. 


water line. Pipe L leads from top of pipe S to pump or other steam- 
using device. This is necessary in order that air and other non-condenS- 
able gases liberated from the water may be removed from the purifier, 
which would otherwise become air-bound. In the illustration the feed 
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pump takes its supply from an exhaust steam heater (7. The purifier 
is provided with a suitable by-pass so that the water may be fed directly 
to the boiler when necessary. 

Live Steam Heated Feed Water: Elec. Engr., Lend., June 29, 1906; Cassier's Mag., 
Oct., 1911, p. 543; Elec. Rev., Lend., May 20, 1898, p. 667; Eng. Rec., Aug. 30, 
1898, p. 467; Power, March 31, 1908, p. 498, Feb. 21, 1911, p. 295. 

384. Bistillation of Make-up Water. — In large central stations equipped 
with turbines and surface condensers the condensate furnishes a supply 
of distilled water for boiler feed purposes. To provide for leakage losses 
an additional supply of water must be had from some other source. 



Fig. 357. Feed-water Heating System at the Connors Creek Station of the Detroit 

Edison Co. 

In some situations raw make-up water is sufficiently pure to warrant 
its introduction into the system without treatment but in most cases 
it is too hard for direct use even though the quantity required is a rela- 
tively small percentage of the total weight of water fed to the boilers. 
In a number of recent installations all make-up water is distilled, thus 
insuring a continuous supply of pure water. Fig. 357 illustrates the 
principles of the feed-water system as installed in the Connors Creek 
Station of the Detroit Edison Company. The condensate from the 
main surface condensers is discharged into one end of a large tank shown 
as the boiler feed tank. A centrifugal pump draws its water from the 
same end of this tank and discharges it into the head of a barometric 
condenser. The relatively cold condensate is picked up by the second 
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piHiip before it has time to mix with the mass of water in the tank and 
ser^^es as injection water for the barometric condenser. The house- 
service alternator turbine and the boiler feed pump turbine exhaust 
into this barometric condenser so that the condensate from the main 
unit takes up all the heat of the auxiliary steam. The foot of the 
barometric condenser is immersed in the hot end of the boiler feed 
tank. The mixture is then picked up by the boiler feed pump and 
delivered to the boilers. The barometric condenser is therefore the 
equivalent of an open feed-water heater in which exhaust steam from 
auxiliaries mixes vith and heats the condensate from the main units. 



Fig. 358. Make-up Water Evaporator System, Buffalo General Electric Co. 


The make-up water is boiled in an evaporator heated by high pressure 
steam and the resulting vapor passes directly to the barometric condenser 
in which it mixes with the auxiliary exhaust and thus becomes part 
of the feed water. For a full description of this interesting installation, 
consult '‘The Connors Creek Plant of the Detroit Edison Company/' 
C. F. Hirshfeld, Trans. A.S.M.E,, Vol. 37, 1915. 

Fig. 358 gives a diagrammatic arrangement of the make-up water 
evaporator system of the River Station of the Buffalo General Electric 
Company, Black Rock, Buffalo, which is representative of the latest 
practice. Raw water is taken from the circulating water outlet of 
the main unit condensers and follows the course of the arrow heads from 
the open heater at left of the diagram, through the various appliances, 
to the economizer and thence to the boiler. Most of the impurities 
are precipitated in the evaporators from which they are discharged to 
waste. For complete details consult Power, Feb. 13, 1917, p. 202. 

Fuel Ecomomizer. — Although any device which effects a saving 
in fuel is a fuel economizer the term “fuel economizer" without quali- 
fication refers to a closed heater which receives its heat supply from 
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the flue gases. Two types of economizers are found in practice, (1) 
those which are independent of the boiler and (2) those which are in- 
tegral with the boiler and form a part of the heating surface. The 
independent type is the more common and is usually constructed of 
cast iron to obviate danger of corrosion. The integral type is usually 
constructed of wrought iron or steel tubes and is to all intents and pur- 
pose a part of the boiler proper. The present tendency toward higher 
boiler pressures makes the use of an economizer almost a necessity 
because of the otherwise high temperatures of the escaping flue gases; 
in fact, practically all modern large central stations are equipped with 
economizers. 

Fig. 359 gives a general view of a Green economizer, illustrating a 
typical flue gas heater. It consists of a series of cast-iron tubes 9 to 



10 feet in length and 4f inches in diameter, which are arranged ver- 
tically in sections of various widths across the main flue between boiler 
and chimney. When in position the sections are connected by top and 
bottom headers, and the headers are connected to branch pipes running 
lengthwise, one at the top and the other at the bottom. Both of the 
branch pipes are outside the brickwork which incloses th('. apparatus. 
The waste gases are led to the economizer by the ordinary flue from the 
boiler to the chimney, but a by-pass must be provided for use when the 
economizer is out of service for cleaning or for repairs. The feed water 
is forced into the economizer through the lower branch pipe nearest the 
point of exit of gases, and emerges through the upper branch pipe near- 
est the point where the gases enter. Each tube is encircled with a 
set of triple overlapping scrapers which travel continuously up and down 
the tubes at a slow rate of speed, the object being to keep the external 
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surfaces free from soot. The mechanism for working the scrapers is 
placed on top of the economizer^ outside the chamber, and the motive 
power is supplied either by a belt from some convenient shaft or small 
independent engine or motor. The power for operating the gearing 
varies from 1 to | horsepower per 1000 square feet of economizer sur- 
face, depending upon the number and length of tubes. The apparatus 
is fitted wdth blow'-off and safety valves, and a space is provided at the 
bottom of the chamber for the collection of soot. For continuous plant 
operation the soot is automatically cleaned as showm in the illustration. 

This type of economizer is also used as an air heater for dr3dng and 
heating purposes. The air heater is similar m design to the water 
heater vdth the exception of the direction of flow and size of tubes. 
The tubes in the air economizer are 3J inches internal diameter by 9 feet 



in length, as against 4| inches internal diameter for the water econo- 
mizer. In the latter the water enters at the bottom header and passes 
out from the top header; in the former the air is forced by a fan first 
through one set of tubes and up through another set, and then down 
again, and so on until it leaves the heater. 

Fig. 361 shows a section through a 25,000-sq. ft, Badenhausen boiler 
as installed in the Highland Park plant of the Ford Motor Company 
and illustrates an economizer element integral with the boiler. Feed 
water enters drum 6, flows down the rear bank and enters the 
forward bank of tubes connecting drums 5 and 6. The economizer 
element is baffled so that the gases are forced to travel down the front 
bank and up the rear bank of tubes. The resulting difference in tem- 
perature creates a positive circulation of the water in the economizer 
element. The integral type of economizer is not commonly used in 
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this country but a modification of this arrangement, which appears 
to be the tendency in large central stations, is the subdivision of the 



Fig. 361. 25,000-sq. ft. Badenhausen Boiler with Economizer Element Integral 

with Heating Surface. 


heating surface so that each boiler has its own economizer. With large 
units the heating surface is often arranged in three or four sections. 



To maintain a constant velocity of the 
gases through the economizer passages each 
section is made narrower. 

Economizers have been installed in con- 
nection with chimney draft but the extra 
height of stack necessary to compensate 
for the reduction in draft caused by the 
lower temperatures of the gases and by 
the resistance of the tubes usually offsets 
the gain. In order to ol)tairi an overall 
economy it is necessary to have some form 


Fig. 362. Pressure Drop through of mechanical draft to force the gases 


8500-sq. ft., 3-section Econo- 
mizer — Fan Draft. 


through the economizer at proper speed. 
The loss in draft due to the reduntion in 


temperature of the flue gases may be calculated as shown in para- 
graph 127. The loss in draft due to the resistance of the tubes Varies 
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directly with the length of the economizer and as the square of the 
velocity. The pressure drop through an economizer 40 sections long 
vith mean gas velocity of 1500 ft. per min. is approximately 0.25 in. 
water. This loss naturally varies with the design of the economizer. 
See curves in Fig. 362 for a specific example. 

286. Temperature Eise in Economizers. — The heat transfer in an 
economizer follows the same basic law as the heat transmission through 
any heating surface, viz.: 

SUd = WiCi (t to), (245) 

= W 2 C 2 (t2 — ^i), (246) 

in which 

S = total heating surface, sq. ft., 

U = mean coefiicient of heat transmission, B.t.u. per hr. per 
sq. ft. per deg, mean temperature diiBEerence, 
d = mean temperature difference between the two fluids, deg. 
fahr., 

Wi and W 2 = weights, respectively, of the fluid to be heated and the 
flue gas. 

Cl and C 2 = mean specific heats respectively of the fluid to be heated 
and the flue gas, 

to and t = initial and final temperature of the fluids to be heated, 
deg. fahr., 

t 2 and ^1 = initial and final temperature of the flue gas, deg. fahr. 


By an analysis similar to that developed in paragraph 242 it may be 
shown that for either parallel or counter flow 

U-tf 




log< 


ti 


(247) 


in which if 

U, if = initial and final temperature difference between the two 
fluids. 

By combining equations (245) to (247) and reducing (see Sibley 
Journal, Jan., 1916, p. 129) we have as an expression for the temperature 
rise in the feed water ^2 — k 


N 


-N 


(248) 


in which 


10 ’^- 1 

X = temperature rise in the feed water, deg. fahr., 


N 


n = 


W2C2 

SU {N - 1) 


2.3 Wi 

Other notations as previously designated. 
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TABLE lOS. 

ATEEAGE KEAN COEFFICIENT OF HEAT TRANSFER IN ECONOMIZERS. 
(Clean Cast-iron Tubes.) 

B t.u. Per Sq Ft Per Deg. Fahr. Difference m Temperature, 


Mean Temperature Difference Between Flue Gas and Feed Water, Deg. Fahr. 


Velocity of the 


Gases, Ft. per Min. 

250 

275 

300 

350 

400 

500 

2 2 

2 3 

2 5 

2 7 

2 8 

1000 1 

3 0 

3 2 

3 3 

3 4 

3 6 

1500 

3 6 

3 8 

4 0 

4 2 

4.5 

2000 

4 0 

4 3 

4 5 

4 7 

5 0 


Equation (248) applied strictly to counterflow which is the usual 
economizer practice. See Fig. (364). 

Example 56. Calculate the final feed-water and flue-gas tempera- 
ture for an economizer installation operating under the following con- 
ditions. Boiler heating surface 12,000 
sq. ft.; economizer surface 7500 sq. 
ft. ; initial feed-water temperature 100 
deg. fahr. and initial flue-gas tempera- 
ture 650 deg. fahr. when the boiler 
is operating at 100 per cent above 
standard rating; coal used, Illinois 
screenings, 11,400 B.t.u. per lb. 


oissiooTsaio 
Surface. Thousands of Square Feet 

Fig. 363. Temperature of Flue 
Gas and Feed Water in an 
8000-sq. ft. Economizer — Fan 
Draft. Fig. 364. Counter Current Flow. 




It has been shown (paragraph 21) that the theoretical weight of air 
per lb. of any coal is approximately 7.5 lb. per 10,000 B.t.u. Therefore 
for the coal specified, 

1.14 X 7.5 = 8.65 lb. = theoretical air requirements per lb. of coal. 

Assuming an air excess of 50 per cent at maximum load and allowing 
15 per cent for ash the probably actual weight of flue gas per lb. of coal 
= 1.5 X 8.65 + 0.85 = 13.8 lb., or in round numbers 14 Ib. 

Since the evaporation at rating is equivalent to 3.45 lb. from and at 
212 deg. per sq. ft. heating surface per hr., at 100 per cent overload the 
total weight of water, w, fed to the boiler is 

tc; - 2 X 12,000 X 3.45 - 82,800 lb. per hr. 
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Assuming an overall efficiency of 75 per cent the weight of coal re- 
quired is 


970.4 X 82,800 
11,400 X 0.75 


9400 lb. per hr. 


The total weight of flue gas, w^, is 

1^2 = 9400 X 13 — 131,6001b. per hr. 

Assume the mean specific heat of the water to be unity and that of 
the flue gas to be 0.25. 

Assume V — 4.25, which is an average value for a modern economizer 
with initial flue gas temperature of 650 deg. fahr. Substituting these 
values in equation (248), 

TABLE 109. 

! 

ECONOMIZER PROPORTIONS IN MODERN CENTRAL STATIONS. 


Name of Plant. 

Size of 
Boiler Unit 
Nominal 
Horse- 
power. 

Boiler 
Heating 
Surface Per 
Unit, 

Sq. Ft. 

Economizer 
Surface Per 
Boiler Unit, 
Sq. Ft. 

Ratio 

Economizer 
to Boiler 
Surface. 

Buffalo General Electric 

1140 

11,400 

0435 

0.825 

*Cleveland Municipal Plant, 53rd Street 




Station . . 

1013 

10,134 

5400 

0.525 

Commonwealth Edison Co., Fisk Street 




Station 

1225 

12,250 

8500 

0.692 

Northwest No. 3 

1220 

12,200 

6566 

0 540 

fDelray, No. 1. . .. ... 

483 

4,830 

4896 

0.490 

Public Service, Joliet, 111 

992 

9,019 

6730 

0.679 

Public Service, New Jersey, Essex Sta- 




tion 

1373 

13,730 

7750 

0.564 

Regina, Sask., Can 

500 

5,000 

2320 

0.464 


* One economizer for 5 boilers. t One economizer for 2 boilers. 


N = 
m = 

X = 


WiCi _ 82,800 X 1 

W 2 C 2 131,600 X 0.25 


2.52. 


SU (JV - 1) 
2.3 Wi 
— to 


7500 X 4.25 (2.52 - 1) 
2.3 X 82,800 
650 - 100 


0.254. 


N 


10 ” 


■N 


2.52 


100.264 _ 1 


+ 2.52 


126 deg. fahr. 


Since x = t — U, the final temperature of the feed water i.s 
i = 126 + 100 = 226 deg. fahr. 

The heat absorbed by the feed water must be equal to that given up 
by the flue gas, or 

WiCi it - k) = WiCi (ti-t), (249) 

from which 

^2 ti W\Cl .T /rtrrfW 
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Substituting the known quantities in equation (250) 


650 - h 
226 - 100 


2.52, 


or 

ti = 337.0 deg. fahr. = final temperature of the flue gas. 

For parallel flow as in Fig. 365 the final flue gas temperature may be 



Fig. 365. Parallel Current Flow. 


calculated from the following formula which has deauced from equations 
(245) to (247). 

«2 - f 

+ (251) 

in which a = h + K 

W2C2 

6 =^+ 1 . 

W2C2 

(l+B)SU 
m = 

Other notations as previously designated. 

287. Value of Economizers. — The general conclusions drawn from 
current practice is that an economizer installation results in: 

(1) A saving in fuel ranging from 7 to 20 per cent. 

(2) A very small gain and often an actual loss in overall economy 
when installed in connection with feeble chimney draft and underloaded 
boilers. 

(3) A substantial overall gain in economy where the boilcirs are 
forced and mechanical draft is employed. 

(4) Maximum overall economy when the boilers are forced far 
above their rating and the auxiliaries are electrically driven and pure 
feed water is available. 

(5) Decreased wear and tear on the boilers due to the high feed-water 
temperature, 

(6) A large storage of hot water for sudden peak demands. 
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TABLE 110. 

ECONOMIZER PERFORMANCES. 


Number of 
Plant. ! 

Number of 
Economizer 
Tub^ 
Installed. 

Temperatures, Deg. Fah. 

Gases 

Entering 

Economizer 

Gases 

Leaving 

Economizer 

Fluid 

Entering 

Economizer 

Fluid 

Leaving 

Economizer 

Rise in 
Temperature 
of Fluid. 

Actual _ 
Saving in 
Fuel, 

Per Cent. 


Water Heater. 


1 

160 

435 

279 

84.2 

196.2 

112.0 

12.5 

2 


416 

254 

40.0 

185.4 

125.4 

13.8 

3 

960 

620 

293 

101.0 

237.0 

136.0 

18.3 

4 

520 

548 

295 

96 0 

200 0 

104 0 

9 2 

5 

520 

603 

325 

93.5 

203 8 

110 3 

9.7 

6 

384 

368 

245 

103 0 

202.6 

99 6 

12.4 

7 

448 

537 

326 

71.2 

203 4 

132.2 

17.5 


Air Heater- 


1 

72 

301 

257 

70 0 

152 0 

82 0 


2 

240 

512 

319 

54 0 

201.6 

147 6 

9.0 

3 

96 

557 

376 

41.0 

200.0 

159 0 

14.0 

4 

192 

417 

369 

74 0 

210.0 

136.0 



Compiled from “ The Book of the Economizer,” 1912, published by the Green Engineering Co. 


^388. Factors Determining Installation of Economizers. — Some of the 
more important factors to be considered before installing an economizer 
are: 

(1) Temperature of the flue gas. The higher the temperature of 
the flue gas the greater will be the thermal saving. With the standard 
type of boiler operating with high pressures, 300 lb. per sq. in. or more, 
economizers are practically indispensable. See Table 36 for flue gas 
temperatures incident to boiler overloads. 

(2) Initial temperature of the feed water. With electrically driven 
auxiliaries exhaust steam is not available for heating the feed water and 
an economizer is desirable. Even with initial temperature as high as 
200 deg. fahr. overall economy may result from the use of an economizer. 

(3) Purity of the feed water. With impure feed water the formation 
of scale within the tubes may seriously affect the efficiency of heat 
transmission and the cost of cleaning may prove excessive. Internal 
corrosion may also be caused by impure feed water. 

(4) Minimum temperature of the flue gas. The flue gas tempera- 
ture should not be lowered below the dew point since the conden- 
sation of the vapor content may cause the soot to adhere to the tubes 
and render its removal a costly problem. An average minimum is 
240 deg. fahr. With coals high in sulphur content the moisture forms 
sulphuric acid which corrodes the tubes» 
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(5) Increased capacity due to the additional heating surface. 

(6) Cost of additional building space. With the independent type 
of economizer this is of secondary" importance. 

(7) Cost of producing the draft. For chimney draft this means cost 
of the extra height of stack necessary to overcome the loss in draft. 
This may range from 20 to 40 per cent of the total cost of the chimney. 
In the modern mechanical draft installation the power required to 
operate the fan ranges from one per cent to four per cent of the main 
generator output. 

(8) First cost. Economizers cost approximately $1.25 per sq. ft. 
of surface for pressures under 250 lb. per sq. in., though the cost natu- 
rally varies with the cost of raw material. 

(9) Boiler pressure. Cast-iron superheaters are used for working 
pressures as high as 400 lb. per sq. in. but the cost increases rapidly with 
increase in pressure above 250 lb. per sq. in. It is doubtful if cast iron 
will be used in projected new plants where pressures of 500 lb. or more 
are being seriously considered. 

:289. Choice of Feed-water Heating System. — The heating of feed 
water and its delivery to the boiler in the most economical manner 
is a problem involving such a large number of combinations that a 
general analysis is impracticable. The following discussion of a spe- 
cific case will give some idea of the manner in which this problem may 
be attacked. 

Example 57. Determine the most economical manner of heating the 
feed water for a power plant of 1000 horsepower operating under the 
following conditions: Schedule 10 hours per day and 310 days per year; 
load factor on the ten-hour basis 0.8; cost of coal $2.50 per ton of 2000 
pounds; heat value of the coal 13,500 B.t.u. per pound; average boiler 
efficiency 65 per cent; engines use 20 pounds of steam per i.hp-hour; 
steam pressure 150 pounds absolute; temperature of cold water 60 
degrees; vacuum 26 inches referred to 30-inch barometer; interest 
5 per cent; depreciation 8^ per cent; maintenance 1 per cent; in- 
surance I per cent; taxes 1 per cent; total charges 16 per cent; charges 
for attendance and maintenance assumed to be the same in each case 
and credit for the chimney assumed to offset debit for economizer 
space. Many of the influencing conditions are left out for the sake of 
simplicity. 

The most likely combinations are 

(1) Atmospheric, all auxiliaries steam driven, water taken from cold 

well. 

(2) Same as (1) except that water is taken from hot well. 

(3) Economizers, auxiliaries electrically driven, chimney draft, water 

from cold well. 

(4) Vacuum heater, economizer, and electrically driven auxiliaries, 

fan draft. 
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(5) Vacuum heater, atmospheric heater, and steam auxiliaries. 

(6) Atmospheric heater, economizer, steam auxiliaries, fan draft. 

(7) Vacuum and atmospheric heaters, economizers, steam auxiliaries, 

and electrical fan. 

(8) Vacuum, atmospheric heater, economizer, and chimney draft, 

auxiliaries operating condensing except feed pumps and stoker 
engines which exhaust into the atmospheric heater. 

The difference between the total heat furnished by the boiler and 
the heat returned in the feed water is the net heat put into the steam 
by the boiler. Evidently the system which shows the least net heat 
required to produce one horsepower will be the most economical as 
far as coal consumption is concerned, although not necessarily the 
cheapest when both operating and fixed charges are couvsidered. 

Prices vary so much that it is practically impossible to give costs of 
installations which will bear criticism and the prices taken in this prob- 
lem are approximate only. 

Case I. 

Atmospheric heater, auxiliaries steam driven, feed from cold well. 

This arrangement and that of Case II are the most common in power 
plants of this size. 

The power consumption of the auxiliaries operating non-condensing 
varies from 8 to 12 per cent of the total power developed. Assume 
it to be 10 per cent. 

The temperature of the feed water leaving the heater may be deter- 
mined by equation (237). 

, _ ^0 4" 0.9 S (X *4" 32) 

^ “ 1+oJS 

Substituting ^ = 0.10, X == 1146, to = 60, 

60 +0.9 X 0.10(1146 + 32) 

' " 1 + 0.9 X 0.10 

= 152. 

The net heat furnished by the boiler to produce one indicated horse- 
power-hour in the engine is evidently the heat necessary to raise 20 + 10 
per cent of 20 = 22 pounds of water from 152 deg. fahr. to steam at 
150 pounds pressure; i.e., the net heat furnished is 

22 X 1071.2 = 23,564 B.t.u. 

Now, 1 i.hp. — 2546 B.t.u. 

Therefore the heat efficiency of this arrangement is 

2546 . ^ o 4. 

10.8 per cent. 

Probable First Cost, 


Steam pumps S400 . 00 

Con denser with steam-driven air and circulating pumps. ...... 3000.00 

lOOO-horsepowcr open heater 480 . 00 

Piping 1200.00 


$5080.00 
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Fuel Consumption. 

Average horsepower-hours per year = 1000 (rated horsepower) X 0.8 (curve 
load factor) X 310 (days per year) X 10 (hours per day) = 2,480,000. 

Pounds of coal per i.hp-hour = net heat furnished per i.hp-hour -f* net heat ab- 
sorbed by the boiler per pound of coal = 23,564 ^ (13,500 X 0.65) =« 2.68. 


Tons per year 


2,480,000 X 2.68 
2000 


= 3323. 


Fvd and Fixed Charges. 


Fuel, 3323 tons at 82.50 S8308 . 00 

Fixed charges, 16 per cent of $5080 812,00 

$9120.00 


Case II. 


Same as Case I, except that feed is taken from the hot well. This 
arrangement is possible only when the condensing water is suitable 
for feed purposes. 

Assume the temperature of the water from the hot well as it enters 
the heater to be 110 degrees. 

The temperature of the feed water leaving the heater will then be 
198 degrees (from equation (237)). 


Net heat furnished = 22 X 1025,2 = 22,554 B.t.u. 


Efficiency = 
Pounds of coal per i.hp-hr. = 
Tons per year = 


2546 


= 11.3 per cent. 


22,554 
22,554 

13,500 X 0.65 
2,480,000 X 2.62 
2000 


= 2.62. 


3248. 


Fuel and Fixed Charges. 


Fuel, 3248 tons at $2.50 $8120.00 

Fixed charges (same as Case I) 812.00 


$8932.00 


Case III. 

Economizers, auxiliaries electrically driven, chimney' draft, water 
from the cold well. 

Practice gives an average of 3 per cent of the main engine output as 
the power required to operate the electrical auxiliaries in a plant of this 
size. 

The temperature rise of the feed water leaving the economizer is 
found to be 119 deg. fahr. (equation 248), 

Temperature of feed water entering boiler = 119 + 60 = 179 degrees. 

Net heat furnished = (20 + 3 per cent of 20) X 1044.2 = 21,510 

B.t.m 

2545 

Efficiency = — -j - - = n.8 per cent. 
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Probable First Cost 


Economizers 13500 . 00 

Motor feed pump 600.00 

Condenser with electrically driven air and circulating pump . . . 6000 . 00 

Piping and wiring 1000 00 


$11,100.00 


Fuel Consum'ption. 
Pounds of coal per i.hp-hr. = 


TT = 2.45. 


^ 2,480,000 X 2.45 

Tons per year = = 3038. 


Fuel and Fixed Charges, 


Fuel, 3038 tons at $2.50 $7595 . 00 

Fixed charges, 16 per cent on $11,100 1776.00 

$9371.00 


Case IV. 


Vacuum heater, economizer, electrically driven auxiliaries, fan draft. 

The vacuum heater may be relied upon to raise the temperature of 
the feed water to 110 degrees. 

The economizer will increase this 107 degrees (from equation (248)), 
giving the feed water a temperature of 217 degrees as it enters the 
boiler. 

The electrical fan for the mechanical-draft system will require ap- 
proximately 2 per cent of the main system engine power, making a 
total of 3 + 2 = 5 per cent for all auxiliaries. 


Net heat furnished = (20 + 5 per cent of 20) X 1006.2 
= 21,130 B.t.u. 


Efficiency = 


2545 

21,130 


12.05 per cent. 


Probable First Cost 


For the sake of simplicity it is assumed that the high first cost of the 
chimney plus its low depreciation and maintenance will offset the low 
first cost of the mechanical-draft system plus its higher maintenance 
and depreciation charges: 


Economizers 

Motor feed pump 

Motor-driven pumps and condenser 

Motor-driven fan 

Piping and wiring 

Vacuum heater . 


Fuel Consum'ption, 


$3500.00 

600.00 

6000.00 

750.00 
1200.00 

200.00 
$12,250.00 


Pounds of coal per i.hp-hr. 

Tons per year 


21,130 

13,500 X 0.65 
2,480,000 X 2.41 
2000 


2.4L 


= 2988. 
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Fuel and Fixed Charges. 

Fuel, 2988 tons at S2.50 . . S7470 . 00 

Fixed charges, 16 per cent of $12,250 1960.00 

$9430.00 

In like manner Cases V, VI, VII, and VIII have been treated and are 
tabulated in the summaries. 


SUMMARY (1). 


Case. 

Temperature 
of Feed 
Water. 

Powder 

Consumed by 
Auxiliaries. 

Efficiency. 

First 

Cost. 

Fuel Cost 
per Year. 

Cost of 
Operation 
per Year. 

I 

Degrees F. 
152 

Per Cent. 

10 

Per Cent. 
10.8 

$5,080 

$8,308 

$9,120 

II 

198 

10 

11.3 

5,080 

8,120 

8,932 

Ill 

179 

3 

11.8 

11,100 

7,595 

9,371 

IV 

217 

5 

12.05 

12,250 

7,470 

9,430 

V 

208 

10 

11.4 

5,280 

7,900 

8,744 

VI 

294 

14 

12 

9,000 

7,750 

9,190 

VII 

290 

10 

12.2 

9,300 

7,380 

9,570 

VIII 

270 

8 

12.3 

8,250 

7,075 

8,395 


SUMMARY (2). 


Case. 

Efficiency. 

First Cost. 

Fuel. 

Cost per Year. 

I 

8 

1 

8 

- 4 

II 

7 

1 

7 

2 

Ill 

6 

6 

4 

6 

IV 

3 

7 

3 

7 

V 

5 

2 

6 

3 

VI 

4 

4 

5 

5 

VII 

2 

5 

2 

8 

VIII 

1 

3 

1 

1 


^ Summary (2) gives the ranking; thus: Case I is eighth in point of effi- 
ciency first in cheapness of installation; eighth in yearly cost of fuel; 
and fourth in yearly cost of operation. Case VIII is apparently the 
best arrangement for the given conditions. 

Bleeding Turbines to Heat Feed Water: Power, May 15, 1917, p. 652. 


PROBLEMS. 

1. Determine the amount of soda ash and lime necessary to soften 10,000 gallons 
of water as per analysis. Col. 2, Table 98. 

2. In a certain plant it costs 30 cents per 1000 lb. to evaporate water from feed 
temperature of 60 degrees to steam at 115 lb. abs. and 50 deg. superheat; required 
the saving in per cent if the feed water is heated by exhaust steam to 210 deg. fahr. 

3. A 2000-kw. turbo-generator plant uses 18 lb. steam per kw-hr., initial pressure 
140 lb. abs., back pressure 3 in. abs., superheat 100 deg. fahr,, temperature of the 
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condensate 100 deg. fahr.; auxiliaries develop 100 hp. and use 30 lb. steam per bp- 
hr. (non-condensing) j initial pressure 115 lb. abs., steam at admission; re- 
quired the temperature of the feed water if the auxiliary exhaust is discharged into 
an open heater. 

4. Required the tube surface necessary for a closed heater suitable for the con- 
ditions in Problem 3. Assume U — 350. 

5. If the tubes are | mch inside diameter, required the total length of water 
travel for the conditions in Problem 4, assuming a water velocity through the tubes 
of 120 ft. per min. 

6. Calculate the final feed-water and flue-gas temperatures for an economizer 
installation operating under the following conditions: Boiler heating surface 10,000 
sq. ft., economizer surface 6500 sq. ft., initial feed-water temperature 120 deg. fahr., 
initial flue-gas temperature 700 deg. fahr. when the boiler is operating at 150 above 
standard rating; coal used, Illinois washed nut, 13,500 B.t.u. per lb. 
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S90* Classmcation. — Pumps used in connection with steam power 
plants may be conveniently classified under five groups according to 
the principles of action. 

1. Piston pumps, in which motion and pressure are imparted to 
the fluid by a reciprocating piston, plunger, or bucket. The action is 
positive and a certain definite amount of fluid is handled per stroke 
under predetermined conditions of pressure and velocity. 

I 2. Centrifugal pumps, in which the fluid is given initial velocity and 
pressure by a rotating impeller. The action is not positive, as the 
amount of fluid discharged is not necessarily proportional to the im- 
peller displacement. 

3. Positive displacement rotary pumps, in which motion and pressure 
are imparted to the fluid by a rotating impeller or screw. The volume 
discharged is practically equal to the impeller displacement regardless 
of pressure. 

4. Jet pumps, in which velocity and pressure are imparted to the 
fluid by the momentum of a jet of similar or other fluid. The ordinary 
steam injector is the best known of this group. 

5. Direct-pressure pumps, in which the pressure of one fluid acts 
directly on the surface of another fluid, thereby imparting all or part 
of its energy to the latter. The pulsometer is an example of this type. 

These groups may be variously subdivided as follows: 



I Direct-acting . . 

( Simplex . . . 

( Duplex 

Piston 

Fly-wheel 

( Simplex 

1 Duplex 


1 Power driven . 

(Triplex.. .. 

Centrifugal 

\ Volute 

' 1 Turbine 

( Single stage . . 

1 Multi-stage . . 

Eotary 

1 Power driven . . 

j Forcing 

1 Lifting 

Jet 

i Injector 

, ( Positive 

■ ( Ejector 

, ( Automatic . . . 

Direct pressure . 

( Pulsometer 

• 1 Air-lift 

. .Lifting 

. .Lifting 


Air. 

Vacuum. 

Forcing. 

Lifting. 


Vacuum. 

Forcing. 

Lifting. 


Piston or plunger pumps are the most common in use. Small boiler- 
feed pumps, city waterworks pumps and force pumps are ordinarily 
of this type. In the direct-acting type. Fig. 367, the water plunger 
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and steam piston are secured to a single piston rod and the steam pres- 
sure is transmitted directly to the water. There is no fl;>^"heel; connect- 
ing rod, or crank. The velocity of the deliveiy is proportional to the 
resistance offered by the water; when the resistance equals the forward 
effort of the steam pressure the pump stops. This class of pump is 
well adapted for boiler-feeding purposes, since it may be operated as 
slowly as suits the requirements of feeding by simply throttling the 
discharge. The steam consumption is very large in proportion to the 
work performed, since the steam is not used expansively. 

Flywheel pumps, Figs. 380, 428, are ordinarily classified as pumping 
engines. In this class steam may be used expansively, as sufficient 
energy is stored in a flywheel to permit the drop in steam pressure during 
expansion. These pumps find wide application in city waterworks, 
elevator plants, and the like, where high duty is required. They 
are little used as stationary boiler feeders, but are used to some extent 
in river-boat practice and in plants operating continuously for long 
periods at comparatively steady loads. Practically all sizes of dry-air 
pumps and a number of large jet condenser pumps are of this type. 

Piston pumps, Fig. 387, driven by gearing or belting are ordinarily 
classified as power-driven pumps. The driving power may be steam 
engine, electric motor, or gas engine. The single-cylinder machine is 
often designated as a simplex power-driven pump, the two-cylinder 
as a ^^duplex,^’ the three-cylinder as a ^Hriplex,^’ and so on. 

Centrifugal pumps, Fig. 415, are supplanting to a considerable extent 
the present type of piston pump for many uses. Though particularly 
adapted for low heads and large volumes, they are used in many situ- 
ations requiring extremely high heads. They are not as efficient as 
high-grade pumping engines, but the extremely low first cost fre- 
quently offsets this disadvantage, and they are much used in connection 
with dry docks, irrigating plants, sewage systems, and as circulating 
and vacuum pumps in condensing plants. 

Rotary pumps, Fig. 424, are employed to a limited extent in the 
same field as the centrifugal pump. Being positive in action, they 
permit of a much lower rotative speed for the same delivery pressure. 

Jet pumps, Fig. 391, are seldom used as pumps in the ordinaiy sense 
of the word, on account of their extremely low efficiency, but arc fre- 
quently employed for discharging water from sumps. Their greatest 
field of application lies in boiler feeding and in this respect their effi- 
ciency is comparable with that of the average piston pump. A re- 
cently developed multi-jet air pump gives great promise of superseding 
the present type of dry-air pump for vacuum purpose. See para- 
graph 309. 
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DirecUpressure pumps operated by steam, such as the “ pulsometer, ” 
Fig. 430a, are used principally for pumping out sumps, surface drains, 
and the like, where the operation is intermittent. Direct-pressure 
pumps of the air-lift type, Fig. 431, are quite common and are used a 
great deal in situations where water is to be pumped from a number of 
scattered weUs. 

391. Bo!ler-feed Pumps, Direct-acting Duplex. — Figs. 366 and 367 
illustrate a typical duplex boiler-feed pump, which consists virtually of 
two direct-acting pumps mounted side by side, the water ends and the 



Fig. 366. Typical Duplex Pump. 


steam ends working in parallel between inlet and exhaust pipe. The 
piston rod of one pump operates the steam valve of the other through 
the medium of bell cranks and rocker arms. The pistons move alter- 
nately, and one or the other is always in motion, the flow of water being 
practically continuous. 

In general construction the steam pistons and valves are similar to 
those of steam engines. The valves in duplex pumps, however, have 
no lap. In order to reduce the valve travel to a minimum, and 
still have sufficient bearing surface between the steam ports and the 
main exhaust ports to prevent the leakage of steam from one to the 
other, separate exhaust ports are provided which enter the cylinder 
at nearly the same point as the steam ports. This arrangement offers 


POIPS 


625 


a simple means of cushioning the piston by exhaust steam, thus pre- 
venting it from striking the cylinder heads at the ends of the stroke. 
The valves of the duplex pump ha\ing no lap would, if connected 
rigidly to the valve stem, op§n one port as soon as the other had been 



Fig. 3G7. Section through a T3rpical Duplex Boiler-feed Pump. 


closed, at about mid-stroke of the piston, thus cutting down the stroke 
to about one fourth the usual length. To obviate this difficulty the 
valves are given considerable lost motion by allowing sufficient clear- 
ance between the lock nuts on the valve stem; the latter, therefore, 
imparts no motion to the valve until the piston operating it has nearly 
completed the stroke. The lost motion between valves and lock nuts 
renders it impossible to stop the pump in any position from which it 
cannot be started by simply admitting steam, and therefore the pump 
has no dead centers. When one piston moves to the end of the stroke 
it pulls or pushes the opposite valve to the end of its travel; then when 
the piston starts back to the other end of its stroke the valve remains 
stationary, owing to the lost motion, until the piston has completed 
about one half the stroke. During this time the opposite piston has 
completed a full stroke and the valve operated by it will have opened 
the steam port wide, so that while one valve covers both steam ports 
the other is at the end of its travel. In some makes of pumps the stem 
is rigidly attached to the valves, the lost motion being adjusted outside 
the steam chest as shown in Pigs. 368 and 369, which represent two 
common constructions of duplex valve gear. 

Fig. 370 shows the valve and piston in the position occupied at the 
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commencement of the stroke. At one end of the valve the steam port 
P is open wide and at the opposite end the exhaust port E is open wide. 



When the piston nears the opposite end of the stroke and reaches the 
position shown in Fig. 371 the steam escape through the exhaust port 

E is cut off by the piston, and 
since the steam port is closed, 
the remaining steam is com- 
pressed between the piston and 
cylinder head, thus arresting 
the motion of the piston grad- 
ually without shock or jar. 

The construction of the water 
end of single-cylinder and du- 
plex pumps is practically the 
same; any slight differences 
which may be found arc con- 
fined to minor details which in no way affect the general design or 
operation of the pump. The 
piston is double acting, the 
single-acting cylinder being con- 
fined to power pumps or to 
steam pumps intended for very 
high pressures. In the old-style 
pumps it was the custom to use 
one large valve with a lift suf- 
ficient to give the required pas- 
sage, but in modern practice 
the required area is divided 
among several small valves, so 
that each one is easily and cheaply removed in case of accident or 
wear, and slip is lessened.* 

* The modem Riedler pump is an exception. See Engineer, U. S., Nov. 15, 1907, 
p. 1040. 
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The valves are carried by two plates or decks, the suction valves 
being attached to the lower plate and the delivery valves to the upper 
one, as shovm in Fig. 368. 

The valves in practically all boiler-feed pumps are of the flat disk 
type, Fig. 372, held firmly to the seat 
by conical springs and guided by a bolt 
through the center. 

All pumps are provided with an air 
chamber on the discharge side, which 
acts as a cushion for the water, prevents 
excessive pounding, and insures a uni- 
form flow. Fig. 373 shows a section 
through the steam end of a compound 
duplex pump. 

392. Feed Pumps with Steam-actuated 
Valves. — Single-cylinder direct-acting 
pumps, Fig. 374, are ordinarily operated 
by steam-actuated valves. The steam enters the chest C and passes to 
the left through the annular opening A formed between the reduced 
neck of the valve and the bore of the steam chest. It is thus projected 
against the inside surface of the valve head H before escaping through 
the port P and passing to the cylinder. Both the pressure and impulse 



Disk Valve. 



due to velocity acting on the valve head H tend to close or restrict the 
admission port by forcing the valve to the left. On reaching the cylinder 
and forcing the piston X toward the right, the pressure of the steam upon 
the opposite side of the valve head H is pressing the valve to the right, 
a movement which would give the admission more port opening at A 
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and deliver more steam to the cylinder. The valve then holds a po- 
sition depending upon the relative intensity of the two pressures, which 
tend to move it in opposite directions, the admission steam, tending to 
close the valve, and cylinder steam, tending to open the valve wider. 



Fig. 374. Marsh Boiler-feed Pump. A Typical Steam-actuated Valve Goar. 


The steam valve, therefore, is always in a balanced position. The 
steam piston is grooved at the center, forming a reservoir for live steam 
B which is supplied from the upper chamber of the steam (diest by pas- 
sage E to the cylinder cap S, and thence by tube M and the hollow 
piston rod F. The steam in this annular piston space rcwersc^s the steam 
valve by pressing alternately against the outer surfaccis of the valve 
heads H through the connecting passages 0, 0 near each end of the cyl- 
inder. The tappets T are for the purpose of moving the valve by hand 
in case it fails to move automatically. Steam-actuated valves are not 
as positive in action as mechanically operated valves, and hence are 
little used in situations where positive action is (essential, as in fire- 
pump service. 

^93. Air and Vacuum Chambers. — Air chambers in piston pumps 
arc for the purpose of causing a steady discharge of watc^r and of re- 
ducing excessive pounding at high speeds by providing a cushion for 
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the water. The water discharged under pressure compresses the air 
in the air chamber somewhat above the normal pressure of discharge 
during each stroke of the water piston, and when the piston stops mo- 
mentarily at the end of the stroke the air expands to a certain extent 
and tends to produce a uniform rate of flow. 

The volume of the air chamber varies 
from 2 to 3| times the volume of the 
water piston displacement in single-cylinder 
pumps, and from 1 to 2| times in the du- 
plex type. High-speed pumps are provided 
with air "chambers of from 5 to 6 times the 
piston displacement. The water level in 
the air chamber should be kept down to 
one fourth the height of the chamber. In 
slow-running pumps sufficient air may be 
carried into the pump chamber along with 
the water, but with high speeds a large 
part of the air will be discharged, and air 
must be forced into the chamber by mechanical means. The larger 
the chamber the more uniform will be the discharge pressure. 

Vacuum chambers are frequently provided for the purpose of main- 
taining a uniform flow of water in the suction pipe and assisting in the 
reduction of slip. Such chambers should be of slightly greater volume 
than the suction pipe and of considerable length rather than diameter. 


--vzL, r 

B 

A 




Fig. 375. Forms of Vacuum 
Chambers. 



Fig. 375 illustrates two designs commonly used. The one in Fig. 375 (B) 
should be placed in such a position as to receive the impact of the 
column of water in the suction pipe as illustrated in Fig. 376 (A), (B) 
and (C). The chamber illustrated in Fig. 375 (A) should be placed in 
the suction pipe below but close to the pump. 
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2M. WateF Pistons and Plungers. — In cold-water pumps the water 
pistons are usually packed with some kind of soft packing. Fig. 377 (A) 
shows the details of a piston with square hydraulic 'packing. The body 
E is fastened to the piston rod by nut C; packing is placed at D, and 



Fig. 377. Types of Water Pistons. 

follower F is forced up by the nut B and locked by nut A. For large 
sizes the design is the same except that the follower is set up by a num- 
ber of nuts near the edge. In hot-water pumps the pistons are often 
packed by means of metallic pisto7i rings R, R, Fig. 377 (C), similar 
to those in steam pistons, or merely by water grooves G, G, Fig. 377 (B). 
The water end is often fitted with a plunger instead of a piston, as i:i 



Fig. 378. Plunger with Metal Packing Ring. 


Figs. 378 to 380. The piston is more compact, but the plungers do 
not require a bored cylinder, so that the first cost is not materially 
different. 

Fig. 378 shows a plunger with metal packing ring. When leakage 
becomes excessive it is necessary to renew the ring, which is readily 
removed. 
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In Fig. 379 the plunger is packed with hydraulic packing as in the 
follower type of pump piston. The great difficulty with the above 
types of piston and plunger is in keeping the packing tight or in know- 



Fig. 379. Plunger with Hydraulic Packing. 


ing when it is leaking, and the trouble necessary to replace the packing. 
The outside packed plunger , Fig. 380, obviates these disadvantages to a 
great extent, since leakage is readily detected and repacking is performed 



Fig. 380. Horizontal Flywheel Pump with Outside Packed Plunger. 


without removing the cylinder heads. In dirty, dusty locations, how- 
ever, the piston pump or inside packed plunger is to be preferred, since 
the abrasive action of the dust renders outside packing difficult. Fig. 
380 illustrates a high-duty elevator pump with outside packed plunger. 
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^95, Performance of Piston Pumps. — Direct-acting pumps as a class 
are wasteful of fuel and low in efficiency, due largely to the non-ex- 
pansive use of steam. The average small duplex boiler-feed pump uses 
from 100 to 200 pounds of steam per i.hp-hr., depending upon the 
speed, and the mechanical efficiency varies from 50 per cent to 90 
per cent. When new and in proper working condition the mechanical 
efficiency is seldom less than 85 per cent; but such pumps, as a rule, 
are given scant attention, and the average efficiency is not far from 
65 per cent. The term mechanical efficiency^' in this connection re- 
fers to the ratio of the actual water horsepower to the indicated horse- 
power of the steam cylinder. The loss includes the slip of the piston 



Fig. 381 . 


and valves. A steam consumption of 150 pounds per i.hp-hour with 
mechanical efficiency of 65 per cent is equivalent to a power consump- 
tion of about 5 per cent of the rated boiler capacity, although if the 
exhaust steam is used for feed-water heating the actual heat consump- 
tion may be but 1 to 1.5 per cent. Compound direct-acting pumps 
running non-condensing use from 50 to 100 pounds of steam per i.hp- 
hour. Single-cylinder flywheel pumps of the slow-speed type, running 
non-condensing, use about 50 pounds of steam per i.hp-hour. Multi- 
cylinder flywheel pumps of the high-duty type use about 25 pounds 
per i.hp-hour when running non-condensing, and as low as 10 pounds 
when operating condensing. High-grade direct-connected motor-driven 
power pumps have a mechanical efficiency from line to water load, at 
normal rating, of about 80 per cent. The efficiency of geared pumps at 
normal rating varies with the character of the gearing and the degree of 
speed reduction, and may range anywhere from 40 to 70 per cent. 
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The steam consumption of all direct-acting boiler pumps decreases 
with the increase in speed. This is illustrated by curve B, Fig. 381, 
plotted from the tests of a 12-in. b\' 7j-in. bj' 12-in. direct-acting single- 
cylinder pump at Armour Institute of Technology, and curve A based 
on experiments vith a 16-in. by 12-in. duplex fire pump at Massachusetts 
Institute of Technology. 



Fig. 382 gives the details of the performance of a 12-m. by 7|-in. by 12- 
in. Marsh boiler-feed pump at the Armour Institute of Technology. 

The determination of the power consumption of a boiler-feed pump 
is best illustrated by the following example. 

Example 58. A small direct-acting duplex pump uses 150 pounds of 
steam per i.hp-hour. Gauge pressure 150 pounds per square inch; 
feed-water temperature 64 deg. fahr. Required the per cent of rated 
l)oiler capacity ncicessary to operate the pump. 
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The head pumped against, 150 pounds per square inch, is equivalent 
to 150 X 2.3 = 345 feet of water. 

The friction through the valves, fittings, and pipe, and the vertical 
distance between suction and feed-water inlet, are assumed to be equiva- 
lent to 20 per cent of the boiler pressure, giving a total head of 150 + 
30 = 180 pounds per square inch, or 414 feet of water. 

A boiler horsepower, taking into consideration leakage losses and 
the steam used by the feed pump, will be equivalent to the evaporation 
of approximately 32 pounds of water per hour from a feed temperature 
of 64 deg. fahr. to steam at 150 pounds gauge. 

The actual work done in pumping 32 pounds of water against a head 
of 414 feet is 

414 X 32 = 13,248 foot-pounds. 

This corresponds to 

0.0007 hompowsr. 

The total heat of one pound of steam above 64 deg. fahr. is 1163 
B.t.u. The heat delivered to the pump per i.hp-hour is 

1163 X 150 = 174,430 B.t.u. 

The amount used by the pump for each boiler horsepower, disregard- 
ing efiiciency, is 

174,450 X 0.0067 = 1168 B.t.u. per hour. 

The mechanical efficiency of the average feed pump ranges from 50 
to 85 per cent, depending upon its condition and the number of strokes 
per minute. Assuming it to be 65 per cent, the heat used by the pump 
per hour to deliver 32 pounds of water into the boiler is 
1168 ~ 0.65 = 1796 B.t.u. 


A boiler horsepower is equivalent to 33,479 B.t.u. per hour. There- 
fore the per cent of boiler output necessary to operate the pump is 

1796 

100 X = 3.36 per cent. 

If the exhaust steam is used for heating the feed water, the steam con- 
sumption will be 0.73 per cent of the boiler capacity, thus: The weight 
of steam consumed per boiler horsepower-hour 


1796 

1163 


1.54 pounds. 


Allowing a 10 per cent loss, the heat in the exhaust available for 
heating the feed water is 

[1150 - (64 -- 32)] 0.9 X 1.54 = 1550 B.t.u. 

1796 — 1550 = 246 B.t.u., or the net heat required by the pump per 
hour to deliver 32 pounds of water to the boiler. 
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The per cent of boiler output necessary to operate the pump is 


100 


246 

33,479 


0.73. 


Pump performances are generally given in terms of the foot-pounds 
of work done hy the w^ater piston per thousand pounds of dry steam or 
per million B.t.u. consumed by the engine, thus: 


1. Duty = 

2. Duty == 


Foot-pounds of work done 
Weight of dry steam used 

Foot-pounds of work done 
Total number of heat units consumed 


(253) 

X 1,000,000. (254) 


(See A.S.M.E. code for conducting duty trials of pumping engines, 
Trans. A.S.M.E., Vol. 37, 1915.) 


Example 59. A compound feed pump uses 100 pounds of steam per 
i.hp-hour; indicated horsepower, 48; capacity, 400 gallons per minute; 
temperature of water, 200 deg. fahr.; total head pumped against, 
175 pounds per square inch; steam pressure, 100 pounds gauge; moisture 
in the steam, 3 per cent. Required the duty on the dry steam and on 
the heat-unit basis. 

175 pounds per square inch is equivalent to 175 X 2.4 = 420 feet of 
water at 200 deg. fahr. 

Weight of 400 gallons of water at 200 deg. fahr. = 400 X 8.03 = 3212 
pounds. 

Work done per minute = 3212 X 420 == 1,329,040 foot-pounds. 

Weight of dry steam supplied per minute 

= — X 0.97 = 77.6 pounds. 

60 

B.t.u. supplied per minute 

= — (0.97 X 879.8 + 309 - 200 + 32) = 79,552. 

Duty per thousand pounds of dry steam 

= X lOOO == 17,384,150 foot-pounds. 


Duty per million B.t.u. 


1,349,040 ,, 
79,552 


1,000,000 = 16,958,000 foot-pounds. 


Table 111 may be used in approximating the duty, thus: 

The mechanical efficiency of the pump in the preceding problem is 


Efficiency = 


1,349,040 1 
33,000 X 48 


85 per cent. 


At the intersection of vertical column “85” and horizontal column 
“100” of Table 111, we find 16.82 millions. See, also. Table 79. 



TABLE 111. 

PERFORMANCE OF STEAM PUMPS. DUTY IN MILLIONS OF FOOT-POUNDS PER MILLION B T.U. 
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Tables 112 and 113 give the maxiinum theoretical height to which 
pumps may lift water by suction at different temperatures. In prac- 
tice these figures cannot be realized. It is customaiy to have the water 
gravitate to the pump for all temperatures over 120 deg. fahr. 


TABLE 112. 

MAXIMUM HEIGHTS TO WHICH PUMPS CAN EAISE WATER BY SUCTION. 
(Temperature of Water 40 Deg. Fahr.; Barometer 29.92.) 


Vacuum in 
Suction Pipe, 
Inches of 
Mercury. 

Theoretical 

Lift. 

Probable 

Actual 

Lift. 

Vacuum in 
Suction Pipe, 
Inches of 
Mercury. 

Theoretical 

Lift. 

Probable 

Actual 

Lift. 


Feet. 

Feet. 


Feet. 

Feet. 

1 

1.1 

0 9 

16 

18.0 

14.4 

2 

2.2 

1 8 

17 

19.1 

15.3 

3 

3.3 

2 7 

18 

20.2 

16.1 

4 

4.5 

3.6 

19 

21.4 

17.1 

5 

5.6 

4 5 

20 

22 5 

18.0 

6 

6.7 

5 4 

21 

23.7 

18.9 

7 

7.9 

6 3 

22 

24 8 

19.8 

8 

9 0 

7 2 

23 

25.9 

20.7 

9 

10.1 

8 1 

24 

27.0 

21.6 

10 

11.3 

9.0 

25 

28 2 

22.7 

11 

12.4 

9 9 

26 

29 3 

23.9 

12 

13.5 

10.8 

* 27 

30.4 

24.3 

13 

14.6 

11.7 

28 

31 6 

25.2 

14 

15.8 

12.6 

29 

32.7 

26.1 

15 

16.9 

13,5 

t 29.68 

33.6 



* Vacua greater than 27 inches are practically unobtainable in pumping practice except in 
connection with condensers. 

t Maximum theoretical' vacuum obtainable with water at 40 degrees F. and barometer of 
29.92 inches. 


TABLE 113. 

MAXIMUM THEORETICAL HEIGHT TO WHICH A PUMP CAN LIFT WATER BY 
SUCTION AT DIFFERENT TEMPERATURES. 


(Barometer 29.92.) 


Temperature of 
Feed Water. 

Maximum 
Theoretical Lift. 

Temperature of Feed 
Water. 

Maximum 
Theoretical Lift. 

Deg. fahr. 

Feet. 

Deg. fahr. 

Feet. 

40 

33.6 

130 

29.2 

50 

33.5 

140 

27.8 

60 

33.4 

150 

25.4 

70 

33.1 

160 

23.5 

80 

32.8 

170 

20.3 

90 

32.4 

180 

16.7 

100 

31.9 

190 

12.8 

110 

31,3 

200 

7.6 

120 

30.3 

210 

1.3 
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^96. Size of Boiler-feed Pump. — Beciprocatlng Piston Type. — Let 


D = 
d = 
L = 
N = 
H = 
R == 

V = 
S = 

w = 

I = 
E = 


Then 


diameter of water cylinder, inches, 
diameter of the steam cylinder, inches, 
length of stroke, inches, 
number of working strokes per minute, 
head in feet between suction and boiler water level, 
resistance in pounds per square inch between suction level 
and boiler water level due to valves, pipes, and fittings, 
boiler pressure, pounds per square inch, 
ratio of the water actually delivered to the piston displace- 
ment. 

weight of water delivered, pounds per hour, 
indicated horsepower of the pump at maximum capacity, 
mechanical efficiency of the pump, taken as the ratio of the 
water horsepower at the discharge opening to the indi- 
cated horsepower of the pump, steam end. 


pp- = ^ X 60 X 62.5 XS = 1.7 D^LNS. 

4 144 12 


= 0.77 

V LNS 


I = 


= f) \ ! V ^ 0.433 H 

V 

W(p + R + 0.m H) 2.3 


33,000 X 60 X 


(255) 

(256) 

(257) 

(258) 


In average practice the piston or plunger displacement is made about 
twice the capacity found by calculation from the maximum amount of 
water required for the engine, to allow for leakage, steam consumption of 
the auxiliaries and blowing off. 

For pumps with strokes of 12 inches or over, the speed of the plunger 
or piston is usually limited to 100 feet per minute as a maximum to in- 
sure smooth running. For shorter strokes a lower limit should be used. 
The maximum number of strokes ranges from 100 for strokes over 12 
inches in length to 200 for strokes under 5 inches. Boiler-feed pumps 
should be designed to give the desired capacity at about one-half the 
maximum number of strokes or less. 

Pump slip varies from 2 to 40 per cent, depending upon the condition 
of the piston and valves and the number of strokes. An average value 
for piston and plunger pumps in first-class condition is 8 per cent when 
operating at rated capacity, but it is -wise to allow a much largqr figure, 
say 20 per cent, for leakage caused by wear. 
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The area of the steam c^'linder is made from 2 to 2.5 times that of 
the water end to allow for the various friction losses and the drop in 
pressure between the pump throttle and the boiler. The total head 
pumped against includes the suction lift, the friction of valves and 
fittings, the distance between the suction mlet and the boiler level and 
the boiler pressure. The excess head varies in practice from 15 to 40 
per cent of the boiler pressure; an average figure is 25 per cent. In 
allowing for the drop in steam pressure between boiler and pump a 
hberal figure is 25 per cent. 

The apphcation of equations (255) to (258), including the practical 
considerations stated above, is best illustrated by a specific example. 

Example 60. Determine the size of direct-acting single-cylinder feed 
pump necessary to supply water to 1000 horsepower of boilers operating 
at rated capacity. Gauge pressure 100 pounds per square inch; feed- 
water temperature 150 deg. fahr. 

One horsepower is equivalent to the evaporation of 34.5 pounds of 
water from and at 212 deg, fahr.; but the pump is usually designed to 
supply about twice the required amount of water. 

Thus W — 62,400 (under the given conditions). 

S = 0.8 (by assumption). 

LN = 1200 (on the basis of 100 feet per minute). 

Substitute these values in (256) : 

D = 0.77y/_^|>12^ = 6.2 inches, — call it 6 inches, 

since the assumptions have been very liberal. 

Assume (0.433 H + R) ~ 0,25 p and E = 0.65. 

Substitute these values in (257) : 

V 0.65 X 100 

= 8.35, — call it 8.5 inches. 

Allowing 100 strokes per minute the length of the stroke must be 
L = 1200 ™ 100 = 12 inches. 

The dimensions of the pump are 8|-in. by 6-in. by 12-iL. 

The indicated horsepower at maximum load may be obtained by 
substituting the proper values in (258), thus: 

62,400 (100 + 25) 2.3 
^ 33,000 X 60 X 0.65 

=i= 13.9 i.hp. 

207. Steam-pump Grovernors. — Fig. 383 shows a section through a 
Fisher pump governor, illustrating a device for maintaining a practically 
constant pressure in the discharge pipe irrespective of the quantity of 
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water flowing. It embodies a pressure-reducing valve in the steam 
supply pipe of the pump, actuated by the slight variations in water 
pressure. When the demand for water increases, the pressure in the 
discharge pipe tends to decrease, and this drop in pressure (transmitted 
to the pump governor by suitable piping) causes 
more steam to be admitted, which increases the 
speed of the pump. The governor is connected 
to the steam inlet of the pump at B and the 
steam enters at A. Double-balanced valve C 
regulates the supply of steam to the cylinder by 
the amount it is raised from the seat. The valve 
is held open by spring (?, the compression of 
which may be regulated by hand wheel K, The 
water pressure from the discharge pipe acts on 
piston F and tends to overcome the resistance 
of the spring. The difference in pressure between 
the water and the spring determines the position 
of valve C. 

Piston rod H is pinned to sleeve I and valve 
stem L screwed into this sleeve by means of 
hand wheel K. Hence, during ordinary opera- 
tion, the piston, piston-rod sleeve, valve stem, 
and valve act as a single unit. By turning the 
hand wheel K, valve stem L will screw into 
sleeve I and the tension on the spring will 
be increased. Hand wheel J serves as a lock 
Fig. 383. Fisher Pump o^nd prevents K from turning during nor- 
Govornor. operation. 

S 98 . Feed-water Regulators. — The water level in the boiler should 
be kept as nearly constant as possible, and this necessitates considerable 
attention on the part of the fireman, especially with fluctuating loads. 
There are a number of devices on the market which arc designed to 
automatically maintain a constant level, and in many small plants 
where the duties of the fireman are numerous such devices in connec- 
tion with high and low water alarms are of considerable assistance. 
Their action, however, is not always positive on account of wear or 
sticking of parts, and engineers as a rule prefer to rely upon hand regu- 
lation. 

Fig. 384 shows a section through a Kitts feed-water regulator, con- 
sisting of two parts, the chamber F and the regulating valve V, The 
float chamber is connected to the boiler or water column at 0 and £7, 
and the regulating valve to the feed main at R and to the boiler feed 
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pipe at W, When the water in the boiler falls below the mean level, the 
weight B overcomes the countei^v^eight G and closes needle valve L by 
means of compound levers. At the same time an extension on valve L 
lifts spring A and opens exhaust valve D. This removes the steam 
pressure from the top of diaphragm C, in the regulating valve, through 
the agency of pipe K. The pressure from the pump raises the disk T 
and water flows into the boiler until the waiei rises to the mean level. 



Fig. 384. Kitts Feed-water Eegulator. 
(Countcrbalanced-weight Type.) 



Space 


Fig. 385. Rowe Feed-water 
Regulator. (Float Type.) 


When weight B becomes submerged its weight is overcome by counter- 
weight Cr, valve L is opened and exhaust valve D is closed. This ad- 
mits steam pressure to the diaphragm C and forces disk T to its seat, 
cutting ofi the supply of water to the boiler. 

The Rowe feed-water regulator, Fig. 385, depends for its operation 
on a familiar float-controlled valve mechanism. The vessel A is con- 
nected to the boiler above and below the water line, and the float C, 
following the water level up and down, actuates a balanced valve in 
accordance with the boiler-feed requirements. When this apparatus 
is used to regulate the feed of a single boiler the opening G in the valve 
cham!)er is connected to the steam space of the boiler and the outlet II 
is carried to the steam inlet of the feed-water pump. When the water 
level is normal the float closes the valve L and thereby cuts off the sup- 
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ply of steam to the pump cylinders. Communication between chambers 

A and E is prevented by means of a 
diaphragm M. When the water level 
falls below normal the float pulls the 
valve down, opening the way for steam 
to pass from the inlet G to the outlet 
H and thence to the pump. When the 
regulator is used to control a battery 
of boilers the pump discharge delivers 
into the inlet G and the water passes 
through H to the boiler-feed main. 
Should the water level fall beyond a 
predetermined limit by reason of any 
accidental discontinuance of the water 
supply which the apparatus cannot 
correct, the float would open the valve 
F of the alarm whistle 0 mounted on 
the top of the main vessel. 

Fig. 386 gives the general details of 
the feed-water regulator which 

differs from the types just described 
in the manner of actuating the water 
regulating valve. A small copper ves- 
Fig. 386. “S-C” Feed-water Regu- pa^ly filled with water, is in 

later. (Thei mo-pressure Typo.) communication with diaphragm I 

through the medium of tube F. The water in vessel A is independent 
of the boiler supply. A small copper U-tube, V, projects into chamber 



Fig. 387. Copes Feed-water Regulator. (Thermo-c^xpansion Type.) 

A, as indicated. When the water in the boiler is at its highest level 
the U-tube is filled with water and the pump regulator valve V is not 
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Fig. 388. 
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feeding. As the level of the water in the boiler drops, the water recedes 
from the outer surface of the U-tube, and the upper branch of the tube 
is surrounded with steam. The steam causes the water in the vessel A 
to boil, and the pressure generated is transmitted through pipe F to 
diaphragm /, thereby opening controllinjr valve K. Wheel J permits of 
hand control Regulators of this type installed in [the power plant of 
the Aj-mour Institute of Technology are giving excellent service. 

The Copes feed-water regulator, Fig. 387, depends for its operation 
upon the expansion and contraction of an inclined tube. As illus- 
trated, this inclined tube is so placed that it contains steam when the 
water in the boiler is at its lowest level. As the water gradually rises 
in the boiler it rises in the tube also. When the level of the water is as 

shown in the illustration the part 
of the tube filled with steam is at 
boiler pressure and temperature and 
that part containing water is at a 
lower temperature. When an in- 
creased load comes on there is a 
slight drop in steam pressure, ac- 
companied by a more rapid libera- 
tion of steam from the entire body 
of water within the boiler, causing 
a corresponding increase in its vol- 
ume and a rise in the boiler water 
level. This at once raises the level 
of the water in the expansion tube 
slightly, increases the amount of the 
tube submerged in the water and 
decreases the tube temperature, 
causing it to shorten. Since this 
tube is connected by a simple system of levers to a balanced valve in 
the feed Hne, shortening of the tube causes the valve to close, so that in- 
crease in water level results in a decrease in the rate of feed. 

:J9d. Power Pumps. — Piston Type. — Piston pumps, .geared, belted, 
or direct connected to electric motors, gas engines, and water niotors, are 
used chiefly where steam power is not available. Their general utility 
is evidenced by the rapidly increasing number installed in situations 
formerly occupied by the direct-acting steam pump. “The efficiency of 
this type of pump depends in a large measure upon the character of 
the driving motor and the efiSciency of the transmitting mechanism. 
High-speed power pumps direct connected to electric motors give 
efliciencies from line to water horsepower as high as 83 per cent, while 



Pig. 389. A Typical Geared Triplex 
Pump. 
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the low-speed geared type seldom exceed 70 per cent. The curves in 
Fig. 388 give the performance of a direct-connected triplex pump, 
and those in Fig. 390 the performance of a triplex pump geared to an 
electric motor. Both of these performances are exceptionally good and 
are considerably above the average. 

For a General Treatise on the Design and Operation of Pumping Machinery con- 
sult ^^Pmnping Machinery,” by A. M. Greene; John Wiley <& Sons, 1911. 



Total Head, l,b. Per Sq. In. Gauge 
Speed Constant. Head Variable. 

Fig, 390. Performance of a C)5-horsepower, Motor-driven Triplex Pump. 

Geared Type. 

300. Injectors. — As a boiler feeder the injector is an efficient and 
convenient device, cheap and compact, with no moving parts, delivers 
hot water to the boiler without preheating, and has no exhaust steam 
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to be disposed of. Its adoption in locomotives is practically universal, 
but in stationary practice it is limited to small boilers or single boilers 
or as a reserve feeder in connection with pumps. The objections to 
an injector are its inability to handle hot water, the difficulty of main- 
taining a continuous flow under extreme variation of load, and the un- 
certainty of operation under certain conditions. Fig. 391 illustrates 
the simplest form of single-tube injector. Boiler steam is admitted at 
A and, flowing through nozzle and combining tube to the atmosphere 
through Gj partially exhausts the air from pipe B, thereby causing the 
water to rise until it comes in contact with the steam. The steam 
emerging from nozzle C at high velocity condenses on meeting the water 


Boiler 


Fig. 391. Elementary Steam Injeetor. 

and imparts considerable momentum to it. The energy in the rapidly 
moving mass is sufficient to carry it across opening 0, lift check E 
from its seat and force it into the boiler. The steam then ceases to 
escape at G. 

301. Positive Injectors. — Fig. 392 shows a section through a Han- 
cock injector, illustrating the principles of the double-tube positive 
type. Its operation is as follows: Overflow valves D and F are opened 
and steam is admitted, which at first passes freely through the over- 
flow to the atmosphere and in so doing exhausts the air from the suction 
pipe. This causes the feed water to rise until it meets the jet of steam 
and the two are forced through the overflow. As soon as water appears 
at the overflow, valve D is closed, valve C partially opened, arid valve 
F closed. This admits steam through the forcing jet W and, the over- 
flow valves being closed, the water is fed into the boiler. In ease the 
action is interrupted for any reason it is necessary to restart it by hand. 

The chief advantage of the double-tube positive type lies in its 
ability to lift water to a greater height and to handle hotter water than 
the single-tube. Its range in pressure is also greater, that is, it will 
start with a lower steam pressure and discharge against a higher back 
pressure. Double-tube injectors are used almost exclusively in loco- 
motive work. 
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MZ. Automatic lujectors. — Fig. 393 shows a section through the 
Penberthy injector. Its operation is as follows: Steam enters at the 
top connection and blows through suction tube c into the combining 
tube d and into chamber g, from which it passes through overflow valve 
n to the overflow 7n. When water is drawn in from the suction intake 
and begins to discharge at the overflow, the resulting condensation of 
the steam creates a partial vacuum above the movable ring h and the 
latter is forced against the end of tube c, cutting off the direct flow 
of water to the overflow. The water then passes into the boiler. Spill 



Overflow 


Fig. 392. Hancock Double- 
tube Injector. 



Fig. 393. Penberthy Automatic 
Injector. 


holes ij i, i are for the purpose of relieving the excess of water until 
communication with the boiler has been established. The action of 
opening and closing the overflow is entirely automatic. Where the 
conditions are not too extreme the automatic injector is to be preferred 
for stationary work because of its restarting features. It is also used on 
traction, logging, and road engines, where its certainty of action and 
special adaptability render it invaluable for the rough work to which 
such machines are subjected. 


Injectors, Theory of: Trans. A.S.M.E., 10-339; Sibley Jour., Dec., 1897, p. 101; 
Power, May, 1901, p. 23; Thermodynamics of the Steam Engine, Peabody, Chap. 
IX; Theory of the Steam Injector, Kneass. * 

Injectors, General Description: Bngr. U. S., Oct. 1, 1907, Nov. 15, 1907, July 15, 
1904, p. 501, Feb. 2, 1903, p. 151; Power, Aug. 1906, p. 478; Engr., Lond., March 
JO, 1905, p. 244; Engineering, Aug. 30, 1895, p. 281, 
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Initial Gauge Pressure, Lb.Per Sq.In. 


Fig. 394. Performance of an Automatic Injector with Varying Initial Pressure. 



Fig. 396. Performance of an Automatic Injector with Varying Discharge Pressure. 
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SOS. Performance of Injectors. — The performance of an injector may 
be very closely determined from the equation 

_ XT + q — t + Z2 (Kneass, ‘^Theor}^ of the /c}kc\\ 
^ t — Iq Injector/^ p. 83), ^ ^ 

in which 

w = pounds of water delivered per pound of steam supplied, 

X = quality of the steam supplied, 
r = heat of vaporization, 
q = heat of the hquid, 
t = temperature of the discharge water, 
to = temperature of the suction water. 

Figs. 394, 395, and 396 give the performance of a Desmond auto- 
matic injector as tested at the Armour Institute of Technology. The 
results check very closely with those calculated from above equation. 
Referring to Fig. 394 it will be seen that the weight of water delivered 
per pound of steam decreases as the initial pressure is increased, all 
other factors remaining the same. From Fig. 395 it will be noted that 
the weight of water delivered per pound of steam decreases as the tem- 
perature of suction supply is increased up to a point where the injector 
'^breaks” or becomes inoperative. This critical temperature varies 
with the different types of injectors, being highest for the double-tube 


TABLE 114. 

RANGE IN WORKING PRESSURES. 
Standard ‘‘ Metropolitan " Steam Injectors. 


Automatic. 


Suction 
Temperature, 


Suction Head, Feet. 


Deg. Fahr. 

2 

8 

14 

20 

Under 

Pressure. 

Under 60 

100 

120 

140 

25 to 150 

26 to 120 

30 to 130 
33 to 100 

42 to no 

55 to 80 

55 to 85 

20 to 160 

25 to 125 

26 to 85 











Suction 
Temperature, 
Deg. Fahr. 

Double Tube. 

Suction Head, Feet 

2 

8 

14 

20 

Under 

Pressure. 

Under 60 

100 

120 

140 

14 to 250 

15 to 210 
20 to 185 

20 to 120 

23 to 220 
26 to 160 
30 to 120 
35 to 70 

27 to 175 

37 to 120 

42 to 75 

42 to 135 

46 to 70 

14 to 250 

15 to 210 

20 to 185 

20 to m 
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type, but seldom exceeds 160 deg. fahr. Fig. 396 shows that the weight 
of water delivered per pound of steam is practically constant for all 
discharge pressures within the limits of the apparatus. 

Table 114 gives the range of working steam pressures for standard 
^^Metropolitan” injectors with varying suction heads and temperatures, 
and, though strictly applicable to this particular type only, is charac- 
teristic of all makes. 

In selecting an injector the following information is desirable for 
best results : 

1. The lowest and highest steam pressure carried. 

2. The temperature of the water supply, 

3. The source of water supply, whether the injector is used as a lifter 
or non-lifter. 

4. The general service, such as character] of the water used, whether 
the injector is subject to severe jars, etc. 

304. Injector vs. Steam Pump as a Boiler Feeder. — From a purely 
thermodynamic standpoint the efficiency of an injector is nearly per- 
fect, since the heat drawn from the boiler is returned to the boiler again, 
less a slight radiation loss. As a pump, however, the injector is very 
inefficient and requires more fuel for its operation than very wasteful 
feed pumps. This is best illustrated by an example: 


Example 61. ,^Compare the heat consumption of a high-grade injector 
with that of an ordinary duplex boiler feed pump when feeding water 
to a boiler. Make all necessary assumptions. An injector of modern 
construction will deliver say 15 pounds of water to the boiler per pound 
of steam supplied, with delivery temperature of 150 deg. fahr. This 
corresponds to a heat consumption of 71.3 B.t.u. per pound of water 
delivered, thus: 

With initial pressure of 115 pounds absolute, 

H = 1188.8. 


Heat of the water delivered to the boiler, 

150 — 32 == 118 B.t.u. above 32 deg. fahr. 

Heat of 1 pound of steam above a feed temperature of 150 deg. fahr., 
1188.8 = 118 = 1070.8 B.t.u. 


Heat required to deliver 1 pound of water to the boiler, 


1070.8 

15 


71.3B.t.u. 


A simple direct-acting duplex pump consumes say 200 pounds steam 
per i.hp-hour. Assume the extreme case where the exhaust steam will 
not be used for heating the feed water and the latter is fed into the 
boiler at 60 deg. fahrt 
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The heat supplied to the pump per i.hp-hour, 

200 U188.8 - (60 - 32)1 = 232,160 B.t.u. 

Assmning the low mechanical efficiency of 50 per cent, the heat re- 
quired to develop one horsepower at the water end will be 

232,160 4- 0.50 = 464,320 B.t.u. per hour. 


Since the steam pressure is 100 pounds gauge, the equivalent head 
of water at 60 deg. fahr. is 

2.3 X 100 = 230 feet. 


Assume the friction in the feed pipe, the resistance of valves, etc., to 
be 30 per cent of the boiler pressure; the total head pumped against 
will be 

230 + 69 = 299, say 300 feet, 

1 horsepower-hour = 1,980,000 foot-pounds per hour, 


1,980,000 

300 


6600 poimds; 


that is, 1 horsepower at the pump will deliver 6600 pounds of water per 
hour to the boiler against a head of 300 feet. 

The heat consumption per pound of water delivered, 


464,320 

6600 


70.3 B.t.u. 


If the feed water is heated to say 210 deg. fahr. by the exhaust steam 
from the pump, the heat consumption will be 63.7 B.t.u. as against 70.3 
without the heater. 

Thus even in this extreme case of poor steam-pump performance 
the heat consumption lies in favor of the pump. With the better 
grades of pumps this disparity is considerably greater, and decidedly 
so if the exhaust steam is used to preheat the feed water. For inter- 
mittent operation the condensation losses in the pump may more than 
offset this gain. Other conditions, however, such as compactness, 
low first cost, and ease of operation are oftentimes considerations and 
the heat consumption is of minor importance. 

305. Vacuum Pumps. — The different types of vacuum pumps em- 
ployed in steam power plant practice may be divided into four general 
classes: 

1. Wet-air pumps. 

2. Tail pumps. 

3. Dry-air pumps. 

4. Condensate pumps. 

(1) Wet-air pumps are for the purpose of withdrawing water and non- 
condensable gases from apparatus under* less than atmospheric pressure. 
Standard low level jet-condenser wet-air pumps handle simultaneously 
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the circulating water, condensate, and all entrained air and are, in fact, 
a combination of circulating pump and vacuum pump. Surface con- 
denser wet-air pumps deal with the condensate and its air entrainment. 
Wet-air pumps may be of the reciprocating, centrifugal, rotary jet, 
rotary positive displacement and steam jet type. 

(2) The terms wet-vacuum pump,’’ wet-air pump,” and ^Hail 
pump” are often used synonymously but in order to differentiate between 
pumps handling injection water, condensate and air from those dealing 
only with the injection water and condensate the term wet-air pump” 
has been applied to the former and “tail pump” to the latter. 

(3) Dry-air pumps are for the purpose of withdrawing the non- 
condensable gas from apparatus under a vacuum and discharging it 
against atmospheric or greater pressure. They are to all intents and 
purposes, air compressors. The term “dry air” is a misnomer since the 
gases exhausted are almost invariably saturated with water vapor. 

These pumps may be of the recipro- 
cating, rotary, positive displace- 
ment, hydro-centrifugal and steam 
jet types. 

(4) Condensate pumps are for the 
purpose of withdrawing condensed 
steam from surface condensers and 
are usually of the] reciprocating, ro- 
tative or centrifugal types. 

306. Wet-air Pumps for Jet Con- 
densers. — Fig. 397 shows a section 
of the cylinder of a Dean twin- 
cylinder wet-air pump as applied to 
a standard low-level jet condenser 
and illustrative of the reciprocat- 
ing type. There are three sets of 
valves, the suction or foot valves A, 
Aj the lifting or bucket valves Bj 
and the head or discharge valves C, C, On the upward stroke of 
the piston or bucket a partial vacuum is formed in the chamber be- 
tween the bucket and the lower head, causing the water and air in 
the bottom of the barrel to lift the foot valves A, A from their seats 
and flow into the cylinder. On the downward stroke the foot 
valves Aj A close and water and air are entrapped in chamber R be- 
tween the lower head and the bucket. As the bucket descends, the 
pressure of air in the cylinder lifts the bucket valves B, B from their 
seats and permits the air and water to escape to the upper portion S 



Fig. 397. Dean Air Pump. 
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of the cylinder between the head plate and the bucket. On the next 
upward stroke the water and air are forced through the discharge valves 



Water 

Fig. 398. Rees ‘‘Roturbo” Jet Condenser. 


C, C into the hot well. This discharge of water and air from the top 
compartment is simultaneous with influx of water and air in the lower 
chamber. 

Fig. 398 shows a vertical section and sec- 
tional end elevation of a Rees Roturbo ro- 
tary jet condenser illustrating an adaptation 
of the rotary-jet pump as a jet condenser. 

This pump is a development of a special 
type of centrifugal pump the unique feature 
of which is the employment of a revolving 
pressure chamber. The hollow impeller; 

Fig. 399, lifts the circulating water in much 
the same manner as in any centrifugal 
pump. The space between the periphery of 
the impeller and the inner circumference of 
the fan wheel forms the mixing chamber in 
which the exhaust steam is brought into Fig. 399. Impeller for Rees 
contact with radial jets of water. The fan ‘^Roturbo” Jct-condenaer 
wheel itself acts as an ejector and exhausts ^ 
the mixture of circulating water and vapor. The operation is as follows: 
circulating water is drawn through the suction pipe into the revolving 
pressure chamber, on the periphery of which nozzles are arranged as 
shown in Fig. 399, and is forced through the nozzles in radiating jets 
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whicli are arranged to impinge in pairs. The water jets, which are made 
fan shaped and subdivided into a fine spray, are projected in lines 
radiating from the shaft (but still rotating as a whole with the impeller) 
across a space into which the exhaust steam blows. The circulating 
water leaving the nozzles, condensate, and air entrainment are picked 
up by the blades of the fan and discharged through a volute guide 
chamber to the hot well. 

The Conhersville jet condenser is a typical example of an application 
of a rotary positive-displacement wet-air pump. In this device the 
circulating water, condensate, and air entrainment are handled by a 
Conners ville cycloidal 3-lobe type rotary pump. (A cross section 
through a typical 2-lobe cycloidal pump is shown in Fig. 424.) 

The steam-jet type of wet-air pump is exemplified in the ejector 
condenser. See paragraph 237. 

306a. Wet-air Pumps for Surface Condensers. — These pumps exhaust 
the condensate and air entrainment from surface condensers. The 
vacuum pumps of a steam heating system come also under this head. 

The Edwards air pump, Fig. 400, is a 
typical example of a wet-air pump of the 
reciprocating type. Referring to Fig. 400, 
the condensed steam flows continuously by 
gravity from the condenser into the base 
of the pump through passage A and annular 
space B. As the piston C descends it forces 
the water from the lower part of the casing 
F into the cylinder proper through the ports 
P, P. On the upward stroke the ports in 
the piston are closed and the air and water 

discharged through head valves D and ex- 
Fig. 400. Edwards Air Pump, The seats of 

valves D are constructed with a rib between each valve and a lip 
around the outer edge, so that each valve is water-sealed independently 
of the others. In ordinary air pumps the clearance between the bucket 
and head valve seat is necessarily large, due to the space occupied by 
the bucket valves and the ribs on the under side of the valve seating. 
This clearance space reduces the capacity of the pump, since the air 
above the bucket must be compressed above atmospheric pressure be- 
fore it can be discharged, and on the return stroke will expand and 
occupy a space which should be available for a fresh supply of air from 
the condenser. In the Edwards air pump the clearance space is re- 
duced to a minimum, since there are no bucket valves to limit it. The 
absence of suction or foot valves still further increases the capacity of 
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the pump for similar reasons. These pumps are arranged either single, 
double, or triplex; steam, electric, or belt driven; slow or high speed. 

Fig. 401 shows a partial axial and an end section through a C. H. 
Wheeler & Co.’s high-vacuum '^Rotrex” pump. This pump is of the 
wet-vacuum t^^^e and handles both air and water of condensation but 
it is also adapted for dry air purposes. The apparatus consists of a 
cylindrical casing and a rotor mounted eccentrically on the shaft. This 
shaft is carried in outboard ring oil bearings which are entirely inde- 
pendent of the stuJBSing boxes. The division between the suction and 
discharge space in the pump cylinder is maintained by a radius cam 
carried on a shaft independent of the stujfflng boxes. This cam is 
operated from the rotor shaft by a lever and crank on the outside of 
the casing. The clearance spaces are water sealed. The discharge 



valves are of the Gutermuth type. Pump speed 200 to 300 r.p.m. 
The manufacburers guarantee that on dead-end test a vacuum may be 
obtained within one half inch of the barometer, and within one inch of 
the barometer under operating conditions. 

307. Size of Wet-air Pumps. — Since the wet-air pump for jet con- 
denser must deal with the mixture of injection water, condensate, and 
all air entrainment, the problem of design is essentially that of determin- 
ing the volume of mixture to be withdrawn under condenser pressures 
and temperatures. The volume of injection water and condensate for 
a given set of conditions may be readily calculated, but the volume of air 
entrained with the injection water and condensate and that introduced 
by leakage is an unknown quantity and can only be estimated. The 
amount of air mechanically mixed with the injection may vary from 1 
to 5 per cent by volume at atmospheric pressure and temperature. The 
amount of air in feed water varies from less than 1 per cent by volume, 
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if the heater is of the open type, to 5 per cent or more if the heater is 
of the closed type and raw water is fed directly into the heater. Air 
leakage is an unknown quantity varying within wide limits and is 
dependent upon the tightness of joints, stuffing boxes and the like. A 
very liberal factor is usually allowed in estimating total air entrainment, 
an average figure being about 10 per cent by volume of the circulating 
water for the combined air and wet-vacuum pump for jet‘ condensers 
and 10 per cent by volume of the feed water for surface condensers. 

Let Q = total volume of air and water in cubic feet per hour to be 
handled by the pump, 

V = volume of cooKng water in cubic feet per hour, 

V = volume of condensed steam in cubic feet per hour, 

Va — volume of air at pressure pa and temperature 

ta = temperature of the air entering the condenser, deg. fahr., 

U = temperature of the discharge water, deg. fahr., 

U = initial temperature of the coohng water, deg. fahr., 

Pa = atmospheric pressure, pounds per square inch. 

Pc = total pressure in the condenser, pounds per square inch, 
p^ = pressure of aqueous vapor at temperature t 2 , 
then (F + y) = volume of water to be pumped from the condenser 
per hour. 

The air entering the condenser will be increased in volume on account 
of the reduction in pressure and the increase in temperature. If Va is 
the original volume under pressure pa and temperature ta the final 
volume on entering the condenser is 

Final volume = v. X (260) 


and the total volume to be exhausted per hour by the pump is 


Q = V + V + Va 


pa ^ h 4“ 460 
Po - Pv ta+ 460 


(261) 


Example 62. Estimate the piston displacement of a wet-air pump 
suitable for average reciprocating engine practice. 

Under average conditions of reciprocating-engine practice the hot- 
well temperature is about 110 deg. fahr. and the absolute back pressure 
4 inches of mercury. Assuming 70 deg. fahr. as the initial temperature 
of the circulating water and allowing 10 per cent as the air entrainment, 

Pa = 29.92 to = 70 y - 0.04 V 

Pc = 4 k = no = 0.1 F. 

p^ == 2.59 ta = to = 70 


Substitute these values in (261) 


= 3.3 V. 


70 + 460 
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Average practice gives 3 U as the pump displacement per hour for a 
single-acting pump and 3.5 T" for a double-acting pump, the cylinders 
being ordinarih' proportioned on a piston velocity of 50 feet per minute 
at rated capacity. 

Wet-air pumps are usually independently driven, making it possible 
to vary the speed of the pmnp irrespective of the engine speed and to 
create a vacuum before starting the engine. Occasionally, however, 
when the load is constant, as in pumping-engine practice, the pump 
may be driven b}^ the main engine. 

The combined air, condensate and circulating pump (with the ex- 
ception of pumps of the Rees ‘rt*oturbo jeU^ type) is not adapted for 
high-vacuum wmrk on account of the enormous increase in air volume at 
very low pressures. With cold injection vrater and a good air-tight 
condensing system vacua as high as 2 inches absolute are possible 
with the standard type of jet condenser air pumps but practice recom- 
mends the use of separate air and wet-vacuum pumps for vacua higher 
than 26 inches. 

Since the wet-air pump for surface condenser handles only the con- 
densed steam and air, its theoretical capacity, neglecting clearance, 
may be determined by eliminating V from equation (261) which then 
becomes 


Q = V Va X 

Vc - Vv 


t‘1 -j- 460 
/a + 460* 


(262) 


The volume of air entering the condenser varies so much with the 
character of the power-plant equipment and the conditions of operation 
that any assumed average value of Va may lead to serious error. 

Average steam turbine practice gives 

Q — 20 V for 26-inch vacuum, 

Q = 30 for 27-inch vacuum, 

Q = 40 r for 28-inch vacuum, 

Q = 50 V for 29-inch vacuum. 

Average reciprocating engine practice gives 

Q = 85 per cent of above for vacua up to 27 inches. 

308. Tail Pumps. — As previously stated the term ^TaiU' pump has 
been applied to pumps which deal with the combined circulating water 
and condensate merely to distinguish between this type and that* 
dealing with the entire condenser water supply including the air entrain- 
ment, In practice the terms tail pump and wet-air pump are used 
synonymously^ Almost any type of water pump may be used for the 
purpose of withdrawing the combined circulating water and conden- 
sates but the ccntrifugal pump appears to be the more common in use. 
Quite recently the “screw-pump^’ has been developed to a high point 
of efficiency and it is not unlikely that this type may supplant to a 
certain extent the present type of centrifugal pump. A typical tail 
pump installation is shown in Fig. 295. The Leblanc jet condenser, 
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Fig. 294, and the C. H. Wheeler low-head high-vacuum jet condenser, 
Fig. 296, involve the use of centrifugal tail pumps. The power required 
to drive this style of pump may be calculated from equation (263). In 
this connection the total head pumped against must include the suction 
head due to the vacuum in the condenser, 

309. Bry-air or Bry-vacuum Pumps. — Dry-air or dry-vacuum pumps 
are used in connection with jet or surface condensers where a high 

degree of vacuum is essen- 





Fig. 402. Air Cylinder Construction of Wheeler 
Dry- vacuum Pump. 


tial as in steam turbine 
practice. Such pumps are 
intended to exhaust the sat- 
urated non-condensable va- 
pors only. Air pumps for 
jet condensers must deal 
with much larger volumes 
of air than those for surface 
condensers, other things be- 
ing equal, because of the air 
entrained with the circulat- 
ing water. Dry-air pumps 
(1) the reciprocating piston, 


Ist Stage Suction 


may be divided into four general groups: 

(2) positive rotary displacement, (3) hydro-centrifugal and (4) steam-jet, 

Fig. 402 shows a section 
through the cylinder of a 
Wheeler dry-vacuum pump 
illustrating the single-cylin- 
der, single-stage reciprocat- 
ing] piston group. The ad- 
mission valves A and A are 
mechanically controlled and 
the discharge valves arc of 
the usual spring loaded type. 

The rotary admission valves 
are adjusted so that for a 
short instant at dead center 
communication is established 
between both ends of the 
cylinder so as to reduce the 
air pressure in the clearance 
space down to the suction pressure on the other side of the piston. 

Fig. 403 shows a section through tlu^ cylinder of a Worthington 
single-(;ylinder two-stage dry-vacuum pinnp and which posscvsscs many 



Coimoctioii to Vacuum Trap 

Fig. 403. Air Cylinder ConHir action of Wortii- 
ingtoii Two-stage Single-cylinder Dry-vacuum 
Pump. 
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advantages over the single-C3"linder mechanism. The cycle of operation 
is as follows: With piston moving as indicated air is drawn into the 
head-end of the C3dinder until the piston reaches the end of its stroke. 
On the return stroke the air drawn in the head end of the cylinder is 



transferred (at condenser pressure) through passage D and valve E to 
the crank end of the cylinder. On the next stroke the air charge is 
compressed through spring loaded valve H to somewhat more than 
atmospheric pressure. 

The LcblanC; Thyssen, Wheeler Turbo-air Pump and the Worthing- 
ton Hydraulic Vacuum Pumps arc well-known examples of the hydro- 
centrifugal or hurling-water dry-air pumps. They differ very little 



Fid. 405. Thysseii Vacuum Pump. 


from each other in principle l)ut vary widely in mechanical construction. 
In these pumps entraining or hurling water is taken from a circulating 
tank and hurled by centrifugal force in thin sheets or “pistons^’ into a 
diffuser or discdiarge cone, each sheet or piston carrying with it a layer 
of saturated air drawn in from the condenser. The water is used over 
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Impeller 


and over again since very little heat is abstracted from the air. This 
style of pump is in common use and has superseded the reciprocating 
pump to a great extent. It may be driven by motor or turbine, is very 
compact, and owing to the absence of valves and reciprocating parts 

requires very little attention. The 
power requirements, however, are 
from two to three times that for a 
reciprocating pump. 

Fig. 408 shows an application of 
the Parsons augmenter which is one 
of the earliest applications of a steam 
jet for withdrawing the non-con- 
^omp'eBaiott dcusable vapors from a condenser. 

Ciiannals ^ ^ . ■« m / j * 

Referrmg to the illustration, a pipe 
Fig. 406. Diagrammatic Arrangement -is led from the bottom of the main 
of Elements in Wheeler Turbo-air condenser to an auxiliary or aug- 

menter having about one-twentieth 
of the cooling surface of the main condenser. At the point indicated a 
small jet is provided which acts as an ejector and draws out the air and 
vapor from the condenser and delivers it to the air pump. The water 
seal prevents the air and vapor from returning to the condenser. With 
this arrangement if there is a vacuum of 27| or 28 inches in the con- 
denser there need be only 26 at the air 
pump, which therefore may be of smaller 
size, the jet compressing the air and vapor 
and the augmenter condenser cooling them 
so that the volume is reduced about one 
half. The steam jet uses about 1^ per cent 
of the steam used by the prime mover at 
full load. The net saving on the average 
condenser due to the use of the augmenter 
averages 5 per cent; with light condensers 
the saving is negligible. The kinetic ejector 
is a development of the Parsons vacuum 
augmenter but since it is little used in this 
country no attempt will be made to describe 
it, A notable installation of the kinetic 



REVOLVING 
JET WHEEL 


Worthington Hy- 
draulic Vacuum Pump. 


ejector is in the Fisk Street Station of the Commonwealth Edison 
Company, Chicago, Illinois. 

Pig. 409 shows a general assembly of the C. H. Wheeler ^^Radojet” 
pump which is the latest development of the steam jet for vacuum pur- 
poses and which promises to supersede the hydro-centrifugal pump for 
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general condenser practice. This device consists essentially of a com- 
pound live-steam jet; a primary jet which withdraws the saturated air 
from the condenser and compresses it to four or five inches above 
condenser pressure and a secondary jet whiqh picks Up the discharge 
from the primar}’- and forces it out against atmospheric pressure. By 
forcing the discharge into an open feed-water heater the latent heat of 
steam used by the jets may be reclaimed. The primary jet is effected 
by a number of small expanding nozzles discharging into a conical dif- 
fusing chamber. The secondary jet is ra- 
dial in form and discharges into an annular 
volute chamber. There are no moving 
parts and the apparatus is very compact 
and simple. The same degree of vacuum 
may be developed for identical operating 
conditions as with the hydro-centrifugal 
air-pump and at a lower power cost. 


Fig, 409. C. H. Wheeler 
‘ ‘ Radoj et ^ ’ Dry-vacuum 
Fig. 408. Parsons Vacuum Augmenter. Pump. 

310. Size of Dry-air Pumps. — The volumetric capacity of a dry- 
air pump for condenser service is based upon experience rather than 
theory because the amount of air in the steam and the air infiltration 
are very uncertain quantities. Since the air to be dealt with is saturated 
with water vapor the pump displacement or its equivalent will be much 
larger than if dry air only were supplied. The volume of mixture 
which must be exhausted for a given weight of dry air for different vacua 
and air-pump suction temperatures is shown in Fig. 410. The curves 
are based on equation (260) and give the volume of mixture containing 
one pound of dry air at various condenser pressures and corresponding 
saturated vapor temperatures. The great reduction in volume effected 
by cooling the air-pump suction is clearly shown. The marked superi- 
ority of counter current over parallel current flow for high vacua is 
chiefly due to the greater reduction in temperature of the air and its 
vapor content. 
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The following capacities for dry-air pumps appear to conform with 
current practice; 

Q = 20 to 30 y for vacua under 27 inches. 

Q = 35 to 50 for vacua of 28 inches or over, both referred to a 
30-inch barometer. 

Q = air-pump displacement, cu. ft. per hr. 

V = volume of condensate, cu. ft. per hr. 



Fig. 410, Cubic Feet of Saturated Air Containing One Pound of Dry Air for 
Various Vacua and Air Temperatures. 

In a number of recent large condenser installations the air pumps arc 
proportioned on a basis of Q = 50 z;. 

The curves in Fig. 411, though strictly applicable to a specific case, 
represent the general characteristics of an ordinary reciprocating vs. 
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a hydro-centrifugal air-pump. Referring to the curves^ it will be seen 
that the reciprocating pump is superior to the hydro-centrifugal for 
vacua below the line BB and for vacua above BB the latter is the more 



Fig. 411. Comparative Tests — Peciprocating Air Pumps vs. Leblanc Air Pumps. 



Fio. 412. Test of Wheeler Turbo-air Pump. 


effective. For vacua above AA the hydro-centrifugal pump is in a 
class of its own. With tight condensers in which air leakage is kept to 
a minimum a reciprocating air-pump of the Worthington two-stago 
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single-cylinder type (Fig. 403) may maintain a higher vacuum than the 
hydro-centrifugal type for the same temperature range. 

311. Centrifugal Pumps. — Centrifugal pumps consist of Two essen- 
tial elements, (1) a rotary impeller which draws in the water at its 

center and (2) a stationary casing which 
guides the water thrown from the ends of 
the impeller to the discharge outlet. ' In- 
crease of peripheral speed increases the 
energy in the impeller. This increase in 
energy may take the form of increase in 
pressure or potential energy, or it may be 
in the form of increase in rate of flow or 
kinetic energy. In general there is an in- 
crease in both Idnetic and potential energy.- 
The impeller may be of the open type, 
Fig. 414 (B), or closed. Fig. 414 (A). The 
f»asin g may be cylindrical and concentric 
with the impeller, Fig. 418, or of spiral form, Fig. 413. It may be plain 
or fitted with diffusion vanes and any number of impellers may be 
employed. The shape of the impeller and casing and the number of 
impellers or stages determine the efSciency of the pump and its adapt- 
ability to certain conditions of service. 

Centrifugal pumps are generally classified as 

1. Volute. 

2. Turbine. 

Fig. 413 gives an end view of a typical single-stage volute pump with 
end plate removed so as to expose the impeller, and Fig. 415 shows a 



Fig. 413. A Typical Centrif- 
ugal Pump. 




Fig. 414. Basic Types of Impellers. 


section through a modern single-stage volute pump with double suction. 
In the volute pump the casing is of spiral design forming a gradually 
increasing water or “whirlpool” chamber, A-B, Fig. 409, for the 
purpose of partially converting velocity head to pressure head. Tho 
older forms of volute pumps were very inefficient, seldom delivering 
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more than 40 per cent of the energy' supplied and usually not adapted 
to lifts greater than 50 feet. The modern pumps give efficiencies as 
high as 80 per cent, and the lift is limited only by the speed of the im- 
peller, As a general rule the volute pump is of single-stage construction 



Pig. 415. Typical Single-stage Double-suction Volute Pump. 


and limited to comparatively low lifts, 120 feet and under, though two- 
stage pumps of this type are on the market designed for heads as high 


as 1000 feet. 



Fig. 416. Direction of Water from the Fig. 417. Effect of Diffusion Vanes 

Impellers of a Centrifugal Pump on the Direction of Water, 

without Diffusion Vanes. 


In the usual dteign of volute pumps the stream of water in the casing 
is at cross current with that thrown out from the impeller as shown in 
Fig. 416. The turbine pump is provided with a system of diffusion 
vanes or expanding ducts, disposed between the periphery of the im- 
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peller and the annular casing, somewhat like the guide vanes in a 
reaction turbine water wheel, so that the fluid emerges tangentially at 
about the velocity in the casing (see Fig. 417). The casing is usuall}" 
concentric with the impeller and of uniform cross section though the 
volute casing is sometimes used in tliis connection. For high lifts 
these pumps are compounded, thereby reducing the peripheral velocity 
and decreasing the friction losses. Fig. 418 shows a section through a 
three-stage Worthington turbine pump as installed in the testing labora- 
tories of the Armour Institute of Technology and designed to deliver 
200 gallons per minute against a 750-foot head at 2500 r.p.m. 



Fig. 418. Worthington Throe-stage Turbine Pump. 


In view of past developments it is probable that the centrifugal pump 
will supplant the piston type of pump for practically all purposes, ex- 
cept perhaps for deep-well service and for very heavy pressures. Cen- 
trifugal pumps are now used for l)oilcr feeding, circulating condensing 
water, hot-well and wet-vacuum purposes and for various ap\vlications 
of industrial service. Efficiencies above 70 per (icnt am not unusual 
and the head against which the pump may operate is limited only by 
the peripheral speed at which the impeller may be safely run. Although 
the equivalent heat efficiency of the high-grade piston pump is superior 
to that of the centrifugal pump, other items, such as low fii’st cost, 
decreased cost of repairs and the like, frequently offset this advantages 
Some of the advantages of the centrifugal pump as (iomparcKl with thci 
piston type are: 

1. Low first cost, 

2. Compactness, 

3. Absemee of valves and ])istons, 

4. Low rate of (l(q)i*eciation. 
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5. rnifomi jDressure and flow of water, 

6. Sinipiicitj' of design and ease of operation, 

7. Freedom from shock, 

8. High rotative speed, permitting direct connection to electric 

motors and steam turbines, 

9. Ability to handle dirty water, sewage and the like, 

10. In case of stoppage of deliverj', the pressure cannot increase 

beyond the predetermined working pressure, and 

11. Ease of repair. 

Some of the disadvantages are: 

1. Efficiency not as high as the best grade of piston pumps, 

2. Cannot be direct connected to low-speed engines when high lifts 

are desired, and 

3. The rate of flow cannot' be efficiently regulated for wide ranges in 

duty. 

312. Performance of Centrifugal Pumps. — For best efficiency a cen- 
trifugal pump must be properly designed for the intended service as 
to curvature of vanes, diameter and speed of impeller, and number of 
stages! Figs. 419 to 421 are based upon experiments with Do Laval 
centrifugal pumps. When a practically uniform head is required at 
constant speed with varying water supply as in city water works, hydrau- 
lic elevator syscems or boiler feeding, the impeller vanes are designed 
to give the characteristic curve illustrated in Fig. 419 which protects the 
motor from possible overload. See also Fig. 430. 

In dry-dock and other variable head work, in oraer not to overload 
the motor, the power should be practically constant through wide 
variations of head and at the same time the efficiency should not vary 
seriously. A desirable characteristic for such a pump is illustrated in 
Fig. 420. 

In water-supply systems in which the friction of the piping is a large 
part of the total head at full delivery, the characteristic shown in Fig. 
421 is especially useful. Thus, when the system reduces its demand for 
water and the frictional head is consequently considerably reduced, 
the pump would automatically adjust itself to the reduced head without 
change of speed. Figs. 419 and 422 are based upon experiment and show 
the relationship between speed, head, capacity, efficiency and power 
consumption of various types of pumps. 

The theory involved in the operation of centrifugal pumps and rules 
for design arc beyond the scope of this book and the reader is referred 
to the accompanying bibliography. 
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SIS. Rotary Pumps. — Rotary pumps are often used for circulating 
cooling water in condenser installations, and give about the same effi- 
ciency as centrifugal pumps under similar conditions of operation. 
For moderate pressure and large volumes they offer the advantage of 
low rotative speed, thus permitting direct connection to slow-speed 
steam engines. At high speeds they are noisy, due chiefly to the gear- 
ing. They occupy considerably less space than piston pumps of the 
same capacity, but require more room than the centrifugal type. 



200 400 GOO 800 1000 1200 1400 1600 1800 

Capacity, Gallons per Minute 


Fig. 427. Test Curves for S-inch “Screw” Pump, American Well Works. 

Fig. 424 shows a section through a two-lobe cycloidal pump. The 
shafts are connected by wheel gearing, the power being applied to one 
of the shafts. The water is drawn in at / and forced out at 0, the 
displacement per revolution being equal to four times the volume of 
chamber A. There is no rubbing between impellers and casing. In 
this type of pump the pressure is independent of the speed of rotation, 
and the capacity varies almost directly with the speed. The slip varies 
from 5 to 20 per cent according to the discharge pressure. 

Fig. 425 shows a section through a rotary pump with movable hut- 
ment. Fig. 426 illustrates the performance of a 45-mm. Siemens- 
Schuckert rotary pump at different speeds and discharge pressures. 
(Zeit. d. Vcr. Deut. Ing., June 24, 1905, p. 1040.) Large rotary pumps 
give much higher officioncies, but the general characteristics are about 
the same. A combined cflfiiciency of pump and engine as high as 84 
per cent has been recorded. (Trans. A.S.M.E., VoL 24, p. 385.) 
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Screw pumps may be grouped with the rotary positive-displacement 
class. The Quimby screw pump is one of the best-known examples of 



Fra 428, 10,000,000-gallon Circulating Pump. 


this type of pump and 
consists essentially of two 
right and left square 
thread screws revolving in 
a double casing. The 
liquid to be pumped is 
drawn in at the outer ends 
of the cylinder and forced 
toward the center by the 
action of the two pairs of 
intermeshing threads. The 
discharge is from the cen- 
ter of the casing. Power 
is applied to one of the 
screws and the second is 
driven by means of a pair 
of gears. The screws run 
in close fit with the casing 
but without actual con- 
tact. Quimby pumps 
operate at speeds varying 
from 600 to 1500 r.p.m., 
depending upon the size 
and service for which they 
are intended. Fig. 427 
shows the performance of 
an 8-inch screw pump 
built by the American 
Well Works. 

314. Circulating Pumps. 
— This term is ordinarily 
applied to the pumps 
which supply cooling water 
to surface condensers. The 
three types found in con- 
denser practice arc (1) the 
centrifugal; (2) the rotary 
positive-displacement, and 


(3) the rcciprocating-piston pump. The centrifugal pump is by far the 


more common in use. For high lifts and in connection with very large 
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units the high-duty reciprocating piston pump has been used because 
of its high overall efficienc}’' but such installations are exceptional. 
The rotary pump is occasionally used where the driving unit is a slow- 
speed reciprocating engine. In small and medium-sized installations 
the screw pump has also been used but in the majority of plants the 
centrifugal pump appears to be the best selection. 

The power required by the circulating pumps is the largest item of the 
condenser auxiliaries, and therefore eveiy effort should be made to 
reduce the pumping head to 
a minimum. MTere it is pos- 
sible to seal the circulating 
water discharge pipe the sys- 
tem operates as a siphon and 
the static head is the difference 
in level of intake and dis- 
charge canals. Where the dis- 
charge head cannot be sealed 
the static head is the difference 
in level of intake water and 
the top pass in the condenser. 

The total head pumped against 
in any case is the sum of the 
static head (suction plus dis- 
charge) and the friction head 
lost in the condenser and piping. The brake horsepower necessary to 
deliver the circulating water is 



Fig. 429. Typical Performance Curves of a 
Typical Centrifugal Pump. 


in which 

W = weight of circulating water, lb. per min., 
H = total head, ft., 

E = mechanical efficiency of the pump. 


(263) 


The static head of course remains constant, other conditions being 
the same, for all rates of flow, but the friction head increases with the 
square of the quantity pumped. This is illustrated in Fig. 429. 


Example 63. Calculate the power required to drive the circulating 
pump for a surface condenser installation when operating under the 
following conditions: Maximum capacity of main turbine 10,000 kw., 
water rate 15 lb. per kw-hr., ratio of cooling water to condensate 60, 
suction head 5 ft., friction heat 20 ft., static discharge head 16 ft., 
pump efficiency 70 per cent. 
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From equation (263), 

T5 , 15 X 10,000 X 60 (5 + 20 + 15) , , 

fe X 33,000 X 07 ^ '“PP™-'- 

If the pump is motor driven allowing an overall motor efl&ciency of 
85 per cent the pump will require 

261 _ ( 0.023 or 2.3 per cent of the main 

lOjOOO X 1.34 X 0.85 ( generator output. 



Fig. 430. Typical Performance Curves of a Rees ^^Roturbo” Boiler-feed Pump. 


315. Centrifugal Boiler-Feed Pumps. — In power plants having capaci- 
ties over 1000 boiler horsepower direct-acting and power-driven triplex 
boiler-feed pumps have been largely superseded by turbine- or motor- 
driven centrifugal pumps. For plants under 1000 
horsepower the direct-acting pump offers the advan- 
tage of low first cost and] ease of operation. The 
most economical drive for a centrifugal boiler-feed 
pump is a steam turbine using the exhaust steam 
for heating the feed water, though motor drives arc 
sometimes used to advantage in large central sta- 
tions. One great advantage of a steam turbine- 
driven centrifugal pump is that its delivery may be 
throttled down to zero when the pump is operating 
at its normal speed. ' A further advantage is that it 
delivers a uniform and even supply without pulsa- 
tions or the need of air chambers or relief valves, 
thus avoiding vibration and water hammer. The 
turbine-driven pump is occasionally (xpiipped with a 
water-pressure governor which regulates the speed of the turbine and 
adjusts it automatically to any load. The power required to deliver 
water to the boiler may be calculated with the aid of equation (263). 
In practice the centrifugal boiler-feed pump requires from less than 


Sieam 
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one per cent to five per cent of the boiler steam depending upon the 
size^ load, type of drive and disposition of the exhaust. 

Example 64. Calculate the power required to drive the centrifugal 
feed pump for a turbine installation when operating under the follow- 
ing conditions: Ma^dinuni output of main turbine 10,000 kw., water 
rate (including auxiliary steam) 16 lb. per kw-hr., boiler pressure 200 
Ib. gauge. 

When specific figures are not available it is customary to assume 
25 per cent of the boiler pressure as the friction head, whence H = 
(200 + 50) 2.6 = 650 ft. (2.6 = ft. of water at boiler temperature cor- 
responding to 1 lb. per sq. in.). Assume a pump efficiency of 65 per cent. 

From equation (263), 

p , _ 16 X 10,000 X 650 _ ^ 

60 x 33,000 x 0.65 


If the pump is turbine driven and the latter used 40 lb. of steam per 
b,hp-hr. the pump will require 


81 X 40 
160,000 


= 0.02 or 2 per cent of the total weight of steam generated. 


If the pmnp turbine exhaust is used for feed water heating the pump 
will require only 0.3 per cent of the total steam generated. (See example 
58.) 


316. Condensate or Hot-well Pumps. — The centrifugal pump is now 
quite universally used for pumping the condensate from surface con- 
densers. Condensate pumps must deliver water against the head cor- 
responding to the vacuum, plus the friction head and the static head. 
The pump cannot create a vacuum sufficiently greater than the vacuum 
in the condenser to draw water into the impeller by suction, therefore 
the condensate should be supplied under a head of three or four feet or 
more. If the head on the suction side is less than this the pump '^cavi- 
tates” or becomes vapor bound and is unable to remove the water. 
Condensate pumps are built in single-stage and two-stage types. These 
pumps are ordinarily operated without automatic control and are per- 
mitted to operate at constant speed. The power required to operate 
the pump may be calculated with the aid of equation (263). 


Example 65. Calculate the power required to drive the condensate 
pump for a turbine installation when operating under the following 
conditions: Maximum output of main turbine 10,000 kw., water rate 
15 lb. per kw-Er., vacuum 28 inches referred to a 30-inch barometer. 
Suction head corresponding to 28 in. of mercury == 31 ft. 

Assume a friction and discharge head of 29 ft. ; efficiency 50 per cent. 
Substituting these values in equation (263), 


Br.hp. == 


10,000 X 15 X (31 +29) 
60 X 33,000 ><0.5 " 


9.4 (approx.). 
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317. Air Lift, — The air lift is a simple arrangement of piping where- 
by water may be raised by means of compressed air. There are no work- 
ing parts, and no valves are employed except to regulate the supply of 
air. Its particular field of application lies in pumping water from a 
number of scattered wells, and on account of the total absence of work- 
ing parts it is peculiarly adapted to handling water containing sand, 
grit and the like. The device consists of a partially submerged water 
pipe and air supply variously arranged as in Fig. 431 (A) to (D). Com- 
pressed air forced into the water pipe at or near the bottom decreases 
the density of the column and the difference in weight between~the 



Fig, 431. Various Arrangements of the “Air Lift.” 


solid column of water B and the air-water column A causes the flow. 
The successful operation of this device depends upon the ratio of the 
depth of submersion B to the total head C. 

The quantity of air necessary to operate an air lift may be closely 
approximated from the equation (see Prac. Engr. U, S., April 1, 1912, 
p. 354) r 

V = — ^ (264) 


in which 


I + 34 ^ 


V = cubic feet of free air per gallon, 

S = actual submergence in feet, 

C = cocflftcient determined from experiment. 

The actual submergence S may be determined from the relationship 





( 266 ) 
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in which 


L 

Sj, 

Ip 


= actual lift in feet (A^ Fig. 431), 

= submergence percentage ^100 Fig. 431^, 


lift percentage ^100 Fig. 431 j. 


The coefficient C may be approximated as follows: 

C = 255 - 0.1 L. (266) 

For the air pressure required for any lift and any percentage of sub- 
mergence it is convenient to divide the actual submergence in feet by 
2 to get the gauge pressure in pounds. This gives enough pressure in 
excess of that due to water head to allow for the pipe friction and other 
losses. 

The efficiency water horsepower divided by “air^' horsepower) 

JB 

varies from 30 to 50 per cent, increasing as the ratio increases from 

0.55 to 0.85. (Engineer, U. S., Aug. 15, 1904, p. 564.) A number of 
tests gives efficiencies water horsepower divided by i.hp. of steam 
cylinder) varying from 20 to 40 per cent. The horsepower required 
to compress one cubic foot of free air to different pressures per square 
inch, as determined from actual practice, is approximately as given in 
Table 115. 


TABLE 115. 


Pressure in 
Pounds. 

Horse Power 
Required to 
Compress 

1 Cubic Foot. 

Pressure in 
Pounds. 

Horse Power 
Required to 
Compress 

1 Cubic Foot. 

176 

0.434 

60 

0 159 

140 

0.376 

45 

0.145 

100 

0.201 

30 

0.121 

80 

0.189 




(Engr., Load., Aug. 14, 1903, p. 174; Dec. 11, 1903, p. 568; Feb. 12, 1904, p. 172.) 

r When it becomes necessary to raise water to a height exceeding say 
175 feet above the level in the well, it is customary to use two or more 
pumps, the total lift being divided between them. 

Air Hft: Power, June 22, 1915, p. 843; Eng. and Contr., Aug. 9, 1916, p. 137; 
Bulletin No. 450, IJniv. of Wis.; Prac. Engr., April 1, 1912. 

Pukometer: Tech. Quar., Sept., 1901; Public Works, Aug. 15, 1904; Engr. U. S., 
July 15, 1904; Experimental Eng., Carpenter, p. 621. 

Turhim Pump Design: Jour. A.S.M.E., Sept., 1915., p. 538. 
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New Centrifugal Pump Duty Record: Iron Age, Apr. 20, 1916, p. 940. 

Centrifugal Boiler Feed Pumps: Power, Oct. 31, 1916, p. 609; Aug. 24, 1915, 
p. 276; Nov. 16, 1915, p. 693; Dec. 29, 1914, p. 934. 

Characteristic Curves of Centrifugal Pump: Jour. W. Soc. Eng., Oct., 1914, p. 776. 
Pumping Units of Various Types for Small Water Supply Systems: Munic. Jour., 
June 22, 1916, 879. 


PROBLEMS. 

1. A direct-acting duplex boiler-feed pump uses 125 lb. steam per i.hp-hr. Initial 
steam pressure 115 lb. absolute, feed-water temperature 180 deg. fahr. What 
per cent of the total steam generated by the boiler is necessary to operate the pump? 

2. A triple-expansion pumping engine delivers 30,310,000 gallons of water in 24 
hours against a head of 61 lb. per sq. m., initial steam pressure 200 lb. abs., developed 
hp. 800, water rate 10.33 lb. per br.hp-hr., steam initially dry. Required the duty 
per 1000 lb. of dry steam and per million, B.t.u. 

3. Determine the cylinder » dimensions of a direct-acting single-cylinder feed 
pump suitable for a 5004ip. boiler, maximum overload 100 per cent, boiler pressure 
115 lb, abs., feed-water temperature 70 deg. fahr. 

4. Required the probable i hp. when operating at maximum capacity. 

5. Which is the more economical in heat consumption as a boiler feeder, an in- 
jector or a motor-driven triplex power pump? Boiler pressure 100 lb. abs., feed water 
supply 60 deg. fahr., injector delivers 16 lb. of water per lb. of steam, overall effi- 
ciency of pump and motor 60 per cent. 

6. Approximate the cylinder dimensions of a wet-air pump for a 750-hp. engine 
using 16 lb. steam per i.hp-hr., initial pressure 150 lb. abs., vacuum 26 in. (barometer 
30 in.), dry steam at admission, initial temperature of injection water 70 deg. fahr. 

7. Required the horsepower necessary to operate a centrifugal circulating pump for 
a surface condenser installation using 1000 gallons of water per minute, total head 
pumped against 50 ft., initial temperature of circulating water 70 deg. fahr. 

8. If the pump in Problem 7 is installed in connection with a 1000-hp. engine 
and the ratio of cooling water to condensed steam is 30 to 1, required the per cent of 
main engine power necessary to operate the pump. 

9. If the pump in Pre'dem 8 is driven by a steam engine using 50 lb. steam per 
hp-hr. and the exhaust is used for heating the feed water, required the per cent of 
main engine heat supply necessary to operate the pump. Main engine initial pres- 
sure 150 lb. abs., vacuum 26 in. (haromeler 30 in.), circulating-pump engine initial 
pressure 100 lb. abs., back pressure 16 lb, abs. Assume dry steam at admission in 
both cases. 
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SEPARATORS, TRAPS, DRAINS 

318. Live- steam Separators. General. — The function of a steam sepa- 
rator is the removal of entrained water from steam. 

Unless a boiler is hberally provided with superheating surface, the 
steam may contain an amount of moisture varying from 0.3 to 5 per 
cent.* If the boiler is poorly proportioned or forced far above its rating, 
this percentage may be greatly increased. The quality of the steam 
is still further reduced by condensation in the steam pipe, which may 
vary from 1 to 10 per cent, depending upon the length of pipe and effi- 
ciency of covering. 

One of the effects of moisture in steam is to increase its density and 
reduce its elastic force. It also increases its conductivity, so that 
during the work of expansion more heat is absorbed from the walls of 
the cylinder and discharged into the atmosphere or into the condenser 
without doing useful work. (Ewing, ^^The Steam Engine,^’ p. 151.) 
Although the heat loss from this cause is small, the danger arising from 
the introduction of a considerable amount of water in the cylinder renders 
the removal of the moisture necessary. See par. 193 for influence of 
moisture on steam consumption. 

The essentials of a good separator are high efficiency as a water 
eliminator, ample storage capacity for any sudden influx of water, 
simplicity and durability in construction, and small resistance to the 
current of steam passing through. A good separator may be relied 
upon to remove practically all of the moisture from steam containing 
under ten per cent entrainment and all but two per cent from steam 
containing as much as twenty per cent. (Engineer, U. S., Jan. 15, 
1904.) 

Table 116 gives the results of a series of tests made by Professor R. C. 
Carpenter in 1891 of six steam separators. (Power, July, 1891, p. 9.) 
Conclusions from these tests were: 

1. That no relation existed between the volume of the several sepa- 
rators and their efficiency. 

2. No marked decrease in pressure was shown by any of the separa- 
tors, the most being 1.7 pounds by separator E. 

3 . Although changed direction, reduced velocity, and perhaps cen- 

m 
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trifugal force are necessary for good separation, still some means must 
be provided to lead the water out of the current of the steam. 

A series of tests made at Armour Institute of Technology in 1905 on 
a number of separators showed that the efficiency of separation decreased 
as the velocity of the steam increased.^ At the low velocity of 500 feet 
per minute all separators were equally efl&cient, at a velocity of 5000 
feet per minute several had little effect on eliminating the moisture 
present, and at a velocity of 8000 feet per minute only one gave efficient 
results. 


TABLE 116- 

TESTS OF STEAM SEPARATORS. 
(R. C. Carpenter.) 


Make of 
Separator. 

Test with Steam of about 10 

Per Cent of Moisture. 

Tests with Varying Moisture. 

Quality of 
Steam 
Before. 

Quality of 
Steam 
After. 

Efficiency. 

Quality of 
Steam Before. 

Quality of 
Steam After. i 

Average 

Efficiency 


Per Cent. 

Per Cent. 

Per Cent. 

Per Cent. 

Per Cent. 

Per Cent. 

B 

87.0 

98.8 

90.8 

66.1-97.5 

97.8-99 

87.6 

A 

90.1 

98.0 

80.0 

51.9-98 

97.9-99.1 

76.4 

D 

89.6 

95.8 

59.6 

72.2-96.1 

95.5-98.2 

71.7 

C 

90.6 

93.7 

33.0 

67.1-96.8 

93.7-98.4 

63,4 

E. 

88.4 

90.2 

15.5 

68.6-98.1 

79.3-98.5 

36.9 

F 

88.9 

92.1 

28.8 

70.4-97.7 

84.1-97.9 

28.4 


319. Classification of Separators. — Separators are based on one or 
more of the following principles of action; 

1. Reverse current The direction of the flow is abruptly changed, 
usually through 180 degrees. This causes the water in the steam, on 
account of its greater specific gravity, to be thrown into a receiving 
vessel, while the steam passes on in a reverse direction. 

2. Centrifugal force. A rotary motion is imparted to the steam 
whereby entrained water particles are eliminated by centrifugal force. 

3. Baffie plates. The flow is interrupted by corrugated or fluted plates 
to the surfaces of which the water particles adhere and from which 
they fall by gravity te the well below. 

4. Mesh. The separation is brought about by mechanical filtration 
through screens or meshes. 

The following outline shows the classification of typical separators, 
in accordance with the above principles: 


See Pow(^r, May 1 1, 1900, p. 834. 
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Live-steam separators 


Exhaust-steam separators 


[ Reverse current 


Centrifugal 


Baffle plate. . 

Mesh 

f Jacketed baffle 
I Absori')tion . . 


J Hoppes. 

I Stratton. 

( Keystone. 

< ]Mosher. 

( Robertson. 
( Bundy. 

< Austin. 

i Detroit, 
j Direct, 

I Potter. 

Baum. 

Loew. 


320. Types of Separators. Reverse-current Steam Separators. — Fig. 432 
shows a section through a Hoppes steam separator and illustrates the 
principle of reverse-current separation. Steam may flow through in 
either direction. Both the inlet and outlet ports are surrounded by 



Fio. 432. Hoppes Steam Separator. 



gutters C, C, partly filled with water, which intercept the moisture follow- 
ing the surface of the pipe, while the downward plunge of the steam 
throws the entrained water to the bottom of the separator. The con- 
densation is carried from the troughs by pipe P to the well below, from 
which it is trapped at D in the usual way. The velocity of the steam in 
passing through this separator is greatly reduced to prevent the steam 
from taking up the water in the bottom of the well. This is brought 
about by increasing the area of the passage through the separator. 

Pig. 433 gives a sectional view of a Stratton separator, which, though 
primarily of the reverse-current type, eml^odies also the principle of 
centrifugal force. The separator consists of a vertical cast-iron cylinder 
with an internal central pipe C extending from the top downward for 
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about half the height of the apparatus, leaving an annular space be- 
tween the two. The current of team on entering is deflected by a 
curved partition and thrown tangentially to the annular space at the 
side, near the top of the apparatus. It is thus whirled around with all 
the velocity of influx, producing the centrifugal action which throws 
the particles of water against the outer cylinder. These adhere to the 
surface, so that the water runs down continuously in a thin sheet around 
the outer shell into the receptacle below. The steam, following in a 
spiral course to the bottom of the internal pipe, abruptly enters it, and 
passes upward and out of the separator without having once crossed 
the stream of separated water. The rapid rotation of the current of 
steam imparts a whirling motion to the separated water which tends to 



interfere with its proper discharge from the apparatus. The separator 
has therefore been provided with wings or ribs E projecting at an acute 
angle to the course of the current, which have the effect of breaking up 
this whirling motion and allowing the water to settle quietly at the 
bottom, whence it passes off through the drain pipe D. 

Centrifugal Steam Separaton. Fig. 434 shows a section through a 
Keystone or Simpson^s centrifugal separator. The separator consists of 
a cast-iron cylinder with vertical pipe C extending downward about two- 
thirds of the whole length; this pipe has a thread or screw wound 
spirally around it, the space between the threads being somewhat greater 
than the area of the steam pipe. The steam passing around the spiral 
course Causes the water to be thrown against the outer walls by centrif- 
ugal force, while) the dry steam passes through the small holes in the 



SEPARATOR?;, TRAPS, DRAINS 


683 


central pipe. The water passes down the outer walls, where its motion 
is arrested by obstructing ribs and is thence carried away by a drip 
pipe D to a suitable drain. 

Baffle-plate Steam Separators, — Fig. 435 gives an interior view^ of a 
Bundy separator and illustrates the application of baffle plates for live- 
steam separation. This separator consists of a rectangular cast-iron 
casing with a cylindrical receiver beneath it. Directly across the steam 
passage are baffle plates corrugated for the reception of entrained 
water. The plates consist of vertical castings, each containing a main 
artery or channel which leads directly to the receiver. The fronts of 
the plates are fiat, with a series of recesses sloping inwards and down- 
wards, terminating in an opening of capillary size leading to the main 
artery. The plates are staggered, so that the 
steam must impinge against all of them in its 
passage. The particles of water adhere to the 
plates, collect, and fall by gravity into the re- 
ceiver. The flanges at the bottom constrict the 
opening of the reservoir so as to prevent the 
steam from picking up any portion of the water. 

Fig, 436 shows a section through an Austin 
separator and illustrates another class embodying 
the fluted baffle-plate principle. The steam in 
passing through the chamber impinges against 
the fluted baffle plate B, The moisture adheres 
to the surfaces, collects and trickles along the 
corrugations to the bottom of the well. These 
corrugations are formed in such a manner that 
the steam cannot come in contact with the water 
particles after they have been once eliminated. A perforated diaphragm 
D prevents the water in the well from coming m contact with the 
steam. The current of steam is also reversed, thus giving additional 
separating properties to the apparatus. 

Mesh Sefarators. — Yig. 437 shows a section through a “direct” 
separator, illustrating the principle of mesh separation. These separa- 
tors arc made with steel bodies and cast-iron heads and bases, in all sizes 
up to six inches inclusive, the larger sizes being constructed of cast iron 
or boiler plate. The cone C, perforated lining E, and diaphragm 8 are 
made of cold-rolled copper; the cone 0 is a substantial gray-iron casting, 
resting on three cast-iron supports hooked over the top of inner pipe as 
indicated. The method of operation is as follows: The accumulated 
moisture around the walls of the steam pipe is caught by the upper edge 
of cone 0 and carried down back of lining E to the water chamber. The 
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current of steam entering the separator impinges upon the conical surface, 
which is composed of solid plate 0 covered with sieve S, through which 
water may freely pass but from wliich it cannot readily escape. Passing 
through the sieve and depositing on the solid surface of the cone 0, this 
water is carried by conductors P to the water 
chamber. Perforated hning E pernoits the mois- 
ture content of the steam to pass through the 
opening to the water below and prevents it from 
coming in contact again with the current of 
steam. A trough is provided at the lower edge 
of the inverted cup which leads all the water 
that may adhere to it to the water chamber. The 
steam flows through the passages indicated by 
arrows and is subjected to a whipsnapping action 
which tends to throw off any remaining mois- 
ture. The perforated plate D prevents the steam 
from picking water out of the water chamber. 

3:21. Location of Separators. — Live-steam sepa- 
rators may be located 
1. Inside the boiler, 

Fig. 437. '‘Direct” 2. Between boiler and engine, 

Steam Separator, ^ steam chest. 

Where the steam pipe is very short, and particularly in marine and 
locomotive work where the tossing of the boiler induces excessive 
priming, the separator may be placed inside the boiler and its function 
becomes that of a dry pipe. In this location it prevents the water due 
to foaming and priming from passing to the engine, and reduces con- 
densation in the pipe by supplying dry steam. The “Potter mesh'’ 
and the Rycke centrifugal" are types of separators designed for 
this service. 

The arrangement of separator between engine and boiler, other than 
at the throttle or inside the boiler, is sometimes necessary for economy 
of space. Where possible, however, the separator should be placed 
close to the steam chest. 

Current practice recommends that a receiver separator, which is an 
ordinary separator with a volume of two to four times that of the 
high-pressure cylinder, be placed close to the engine if the load is inter- 
mittent or sharply fluctuating. This fornos a cushion for absorbing 
tlic force of the blows caused by cut-off, delivers steam at a practically 
uniform pressure, and reduces the vibration of the piping to a minimum. 
It also provides a reservoir for sudden demands made by the engine. 
Smaller pipes and higher velocities may be used with this arrangement. 
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S22* Exhaust-steam Separators and Oil EMminators. — The function 
of an exhaust-steam separator is the removal of cylinder oil from the 
steam exhausted by engines and pumps. In plants where exhaust 
steam is used for heating it is quite essential to remove the oil from 
the steam before it enters the heating system, for the oil not only re- 
duces the efficiency of the radiators by coating them with an excellent 
non-conducting film but is an element of danger to the boiler itself. 
In condensing plants the separator will prevent the oil from fouling 
the condenser tubes and those of the vacuum heater if one is installed; 
this is an important factor, since the oil or grease lowers the efficiency 
of the heat transmission. 

In a general sense a live-steam separator is also an oil eliminator, and 
all the separators previously described perform this function to a cer- 
tain extent, since the underlying principles governing the elimination 
of oil from exhaust steam are similar to those employed in removing 
water from steam. Most of the separators described above are also 
designed in lighter form, as oil eliminators, but by far the greater 


number are based on the fluted baffle-plate prin- 
ciple, of which the Hine, Bundy, Cochrane, 
Utility, Peerless, and Keily are well-known ex- 
amples. This type of oil separator will elimi- 
nate a considerable portion of the oil in the 
steam, provided the baffle plates or corrugated 
surfaces are frequently cleaned. 

It is a well-established fact that oil can be 
more effectually removed from wet than from 
dry steam, and some makers, notably the Austin 
Separator Company, inject a cold-water spray 
into the separator chamber. A similar result is 
brought about in the Baum separator, Pig. 438, 
in which the corrugated baffle plate is hollow 
and cold water is forced through the chamber 
thus formed. Referring to Fig. 438: The di- 
verged baffle plate forms the wall of a chamber 
in which cold water is continually circulated. 
This circulation causes moisture to appear on 
the baffle-plate surface. The particles of oil, 
coming in contact with this moist surface as the 



Fig. 438. Baum Oil 
Separator. 


steam current is diverged, adhere to it and fall by gravity into the 


well below, where they are completely isolated from the purified steam. 


A large portion of the oil and water, however, does not enter the sepa- 
rator at all but is caught by the inside ledge near the junction of the 
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exhaust pipe and the separator. The oil and condensation which are 
carried along the bottom of the pipe come in contact with this ledge 
and are carried directly to the outlefc pipe. 

A very successful method of removing oil from steam is to project the 
steam on to the surface of a body of water. The water may be hot o.r 
cold and will hold the oil if it once reaches the surface. It is essential, 
however^ to reduce the velocity of the steam as it passes on its way to 
the outlet. Baldwin's grease separator is based upon this principle. 
(Baldwin on Heating, p. 234.) 

The most efficient method of removing oil is by combined filtration 
and absorption. (Engineering News, May 22, 1902, p. 406.) A 

large chamber filled with coke, brick, broken 
tile, or other absorption material is placed in 
series with the exhaust pipe. The steam 
passing through this chamber is entirely 
freed from oil and moisture, provided the 
absorbing material is sufficient in quantity 
and is replenished as soon as it becomes 
saturated with oil. The annoyance attend- 
ing the removal and replenishing of the ab- 
sorbing material at frequent intervals and 
the great size of the apparatus are serious 
drawbacks. An example of this system of 
purification in which many of the objection- 
able features are reduced to a minimum is 
the Loew grease and oil extractor, Fig. 439. 
The exhaust steam enters the chamber at 
the top, strikes a large dcfficcting plate 
shaped like an inverted V, and permits part 
of the condensation and oil to be drawn off 
by the drain pipe. The steam then rises 
and is deflected, as indicated, against a scries of shelves filled with 
fibrous material covered with coarse wire screens. The grease is re- 
moved from each shelf by suitable drains. This apparatus is sectional 
and any number of sections may be added without affecting the rest. 

In a non-condensing plant where the exhaust steam is used for heating 
purposes the oil separator is ordinarily placed in ‘the main exhaust 
pipe just before it enters the heating system. Where several branches 
enter one main it is not customary to place a separator in each branch, 
one large separator located as above being sufficient. 

In condensing plants oil separators are seldom installed except where 
surface coudensers are used, in which case the separator may be placed 



Extractor. 
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anywhere between the engine and condenser. In c^e a vacuum heater 
is used the separator may be placed on either side of the heater, de» 
pending upon the type of separator. If the separator is of the “jacket- 
cooling” or “spray” type, it may be placed between the engine and the 
vacuum heater; if, however, it is of the “baffle-plate” t3rpe, the oil wiU 
be more efflciently removed if the separator is placed between the heater 
and condenser so that it will get the benefit of the moisture formed 
in the heater. In the latter location, however, the separator will not 
prevent the oil from fouling the heater tubes. 

Where a Jet condenser is used and water is taken from the hot well, 
the hot well itseK acts as an oil separator. (Trans. A.S.M.E., 24- 
1144.) 

All separators, steam and oil, should be provided wdth gauge glasses 
and should be thoroughly drained and the drainage should be 
automatic. 

333. Exhaust Heads. — The function of the exhaust head is the elimi- 
nation of oil and water from steam exhaust before permitting it to be 
discharged into the atmosphere. Unless removed, the water and oil 
rot the roofs and walls in summer and pollute 
the atmosphere surrounding the plant. The ex- 
haust head also acts as a muffler, reducing the 
noise of the escaping steam. Exhaust heads are 
built on the same principle as steam and oil 
separators and most separator builders manufac- 
ture them. Fig. 440 shows a section through a 
typical exhaust head. 

The condensation is ordinarily drained to 
waste, though with proper purification it may be 
returned to the boiler. With an efficient oil sepa- 
rator in the exhaust line the condensation in the 
exhaust head may be returned directly to the 
boiler without further purification. 

Live-steam separators are proportioned so that 
it is only necessary, in the average installa- 
tion, to specify the size of pipe, the type of engine, the steam pres- 
sure, and the style, whether horizontal or vertical. Gauge glasses, 
gauge cocks, and companion flanges are usually provided by the 
maker. In some cases the capacity of the reservoir is also Specified. 
In specifying oil extractors the following additional data are neces- 
sary for an intelligent choice: the number of engines and pumps 
exhausting into the line, the location of the separator, the steam 
pressure, vdodty, and the quality and quantity of cylinder oil used. 



Fig. 440. A Typical 
Exhaust Head. 
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A guarantee of efficiency and of material and workmanship is often 
demanded. 

Oil Separation from Water of Condensation: Jour. A.S.M.E., June, 1915, p. 345. 

Electrostatic Separation of Oil and Water: Met. and Chem. Engr., Mar. 15, 1916, 
p. 343. 

334. Blips. — No matter how thoroughly a steam pipe or reservoir 
may be covered with insulating material considerable condensation 
takes place. With the best covering this loss approximates one sixth 
of a pound of steam per square foot of pipe surface per hour for steam 
pressures of one hundred pounds, and runs as high as one pound of 
steam for bare pipes. See Fig. 467 for results of experiments on the 
loss of heat from bare pipes, and Fig. 468 for data on the efficiency 
of pipe coverings. In addition to this water of condensation, from | 
to 2 per cent of moisture is carried over by the steam from the boiler. 
This water, unless thoroughly removed, is a constant source of danger 
to the engines and causes water hammer and leaky joints in the piping. 

A joint on a steam pipe may safely withstand a steam pressure of 
100 poimds without leaking and still leak badly under a water pressure 
of half that amount. This is due to the fact that the steam with its 
high temperature causes the pipe to expand, thus insuring a tight 
joint, while the entrained water (which cools as it collects) causes the 
pipe to contract and allows a leak. 

The entrained water and water of condensation are usually spoken 
of as drips.” Drips may be divided into two classes, low pressure 
and high pressure. 

335. Low-pressure Drips. — Low-pressure drips include the steam 
condensed in heating systems, exhaust steam feed heaters of the close 
type, exhaust steam piping, receiver barrels, steam chests, and exhaust 
heads. As these drips are impregnated with oil and are useless for 
boiler feed without purification, they are usually discharged to waste. 
Most city ordinances require the drips to be cooled to 100 deg. fahr. 
before being discharged into the sewer. In this case they must be 
first discharged into a tank and permitted to cool. This tank must be 
vented to the atmosphere to prevent back pressure. Fig. 441 shows 
an installation in which the heat abstracted from the drips, etc., is 
used to heat the feed water. The drips from the throttle valve and 
steam chest in a non-condensing plant are ordinarily discharged into 
the exhaust pipe as shown in Pig. 442. In a condensing plant the 
throttle drips are piped to a trap or to the free exhaust pipe. The re- 
turns from a steam-heating system are sometimes classified as low- 
pressure drips. They are invariably returned to the boiler. 

In small plants all the low-pressure drips may be connected to one 
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large pipe and this pipe in turn to a single trap, provided there is but 
little difference in pressure in the various drip pipes. In case of dif- 
ferent pressures separate leads should be run to waste or traps. 



Fig. 441. Closed Heater Installation for Abstracting Heat from Oily Drips. 


The drips from the receiver and vacuum heater barrels in a con- 
densing plant are oftentimes under less than atmospheric pressure, 
and sometimes the pressure varies from 
a slight vacuum to 10 or 20 pounds 
gauge, and consequently cannot be dis- 
posed of as described above. If possible, 
the heaters and receivers should be 
placed so as to drain into the condenser 
(see Fig. 455). Should this arrangement 
prove impractical )le, the barrels may be 
drained by a trap especially arranged as 
shown in Fig. 456. 

S^6. Si 2 ie of Pipe for Low-pressure Drips. 

— In the average exhaust-steam feed- 
water healer one pound of steam in con- 
densing gives up approximately 1000 
heat units. This will heat about 6 Fig, 442. Simple Method of 
pounds of water from 60 to 200 deg. Draining Drips, 

fahr. Hence the area of the drip which carries the water of condensa- 
tion from the closed heater need be but one fifth that of the feed pipe. 
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In no case, however, should a pipe smaller than one half inch in diam- 
eter be used. Should the same pipe be used for both exhaust head 
and heater drips, an area of one fourth area of feed pipe would prove of 
ample capacity. In practice it is customary to use the size of pipe 
conforming with the outlet furnished by the manufacturer of the ap- 
paratus, and only when several pieces of apparatus are connected to 
one main are calculations made for the size of this main. 

The drip pipe from the throttle valve is ordinarily one half inch in 
diameter irrespective of the size of steam pipe; this is also true of the 
steam-chest drip. 

337. High-pressure Drips. — High-pressure drips consist of those 
which are condensed under boiler pressure and include the steam con- 
densed in steam pipes, cylinder jackets of engines, reheating coils of 
receivers, and separators. Being free from oil and containing consid- 
erable heat, they are usually returned to the boiler. Drips may be 
returned to the boiler automatically by means of 

1. Steam traps, 

2. HoUy steam loop, 

3. Pumps. 

328. Classification of Steam Traps. — Steam traps may be divided 
into two classes, depending on their use, — return and non-return. 
Both of these two classes may be subdivided into five types according 
to the principle of operation, viz. : 

1. Float. III. Bowl. 

11. Bucket. IV. Expansion. 

V. Differential. 


CLASSIFICATION OF A FEW WELL-KNOWN STEAM TRAPS. 


Steam Traps 


Float. . 
Bucket 
Dump. 




Expansion 


j McDaniel. 
/ Cookson. 
j Acme. 

I Albany. 

( Bundy, 

I Morehead. 


I Metal 

I Volatile-Fluid 


( Columbia. 
I GeipeL 
J Dunham. 

I Hcintz. 


{ iphoa. 


Return Traps. 

Traps which receive the condensed steam and return it to a boiler 
having considei*ably higher pressure than that acting on the returns 
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are known as return traps. They are made in a great variety of styles. 
The general principle of operation is shown in Fig. 452 and described in 
paragraph 330. 

Non-return Traps. 

Non-retum traps, as the name implies, are used where the water of 
condensation is not returned to the boiler but is discharged into any 
receptacle having less than boiler pressure. 

329, Types of Traps. Float Traps. — Fig. 443 shows a section through 
a McDaniel improved trap, illustrating the principles of the float type. 
A hollow sphere C of seamless copper pivoted at E rises and falls with 
the change of water level in the vessel. The discharge valve M is 
operated by the float. When the trap is empty the float is in its lowest 



position and the discharge valve is closed. Water of condensation flows 
into the trap by gravity through opening D to a certain depth, when 
the float opens the discharge valve and the steam pressure acting on the 
surface of the water forces it through outlet S to tank or atmosphere. 
After the water is discharged the float closes the valve and permits the 
condensation to collect again. A gauge glass indicates the height of 
water in the chamber. 

Unless float traps are well made and proportiqned there is a danger 
of considerable steam leakage through the discharge valve, due to 
unequal expansion of valve and seat and the sticking of moving parts. 
The discharge from a float trap is usually continuous, since the height 
of the float, and consequently the area of the outlet, is proportional to 
the amount of water present. When the trap is working lightly, this 
adjustment is apt to throttle the area and create such a high velocity 
of discharge as to cause a rapid wear of valye and seat. This defect is 
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more or less evident in all steam traps discharging continuously. For 
this reason all wearing parts should be accessible and readily replace- 
able. 

Bucket Traps. — Fig. 444 shows a section through an ''Improved 
Acme^^ steam trap. The water of condensation enters the cast-iron 
vessel at A, filling the space D between the bucket E and the walls of 
the trap. This causes the bucket to float and forces valve V against 
its seat (valve V and its stem being fastened to the bucket as indicated) . 
When the water rises above the edges of the bucket it flows into it and 
causes it to sink, thereby withdrawing valve V from its seat. This 



permits the steam pressure acting on the surface of the water in the 
bucket to force the water through the annular space H to discharge 
opening (?. When the bucket is emptied it rises and closes valve V 
and another cycle begins. By closing valve R the trap is by-passed 
and the condensation blows directly through passage C to discharge G. 
The discharge from this type of trap is intermittent. 

Dump or Bowl Traps. — Pig. 445 shows sections throtigh a Bundy 
bowl tx'ap of the " return typ®* The water enters the bowl through 
trunnion D and rises until its weight overbalances counterweight E 
and the bowl sinks to the bottom. As the bowl sinks, arm (?, which is 
a pari of the bowl, rises and engages the nuts N on valve stem H and 
opens valve /, thus admitting live steam pressure on to the surface of 
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the water. The trap then discharges like all others. After the water 
is discharged weight E sinks and raises bowl A, which in turn closes 
valve J, and the cycle begins again. Bowl traps are necessarily in- 
termittent ill their discharge. 



Fig. 445. A Typical Tilting Trap. 


Fig. 456 shows the application of a bowl trap to a receiver where the 
drips are under a vacuum, and Fig. 457 a similar application to an 
engine receiver where the pressure varies from less than atmospheric 
pressure to a pressure of 40 or 50 pounds. 

Expansion Traps, — Expansion traps may be divided into two groups: 

(1) Those in which the discharge valve is operated by the relative 
expansion of metals and 

(2) Those in which the action of a volatile fluid is utilized. 
Expansion traps will never freeze, as they are open when cold and all 

the water drains out before the freezing temperature is reached. 



Outlet 


Fig. 446. A Typical Expansion Trap. 

Since traps of this type have little capacity for holding water, 6 to 
10 feet of pipe should be provided between the trap and the pipe to be 
drained in order that the condensation may collect and cool. 

Fig. 446 shows the general appearance of a Columbia expansion trap 
in which the valve is operated by the expansion of metkllic tubes. 
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Water gravitates to the trap through opening marked ^4nlet/' passes 
through brass pipe 0, then downward to the main body of the valves 
and back to outlet valve C. Below pipe 0 and parallel to it is an iron 
rod S, at the end of which is the support or fulcrum of lever R. The 
lower end of this lever is connected to the stem of the valve C, so that 
any movement of the lever is communicated to it. When the trap is 

cold^ valve C is open and 
all water of condensation 
passes out. The moment 
steam enters the pipe 0 it 
expands. The amount of 
expansion is multiplied sev- 
eral times by the action of 
the lever R, so that the 
movement of the valve is much greater than the expansion of the pipe 0. 
The compensating spring D prevents the brass tube from damaging 
itself by excessive expansion. Lever A permits the trap to be blown 
through by hand. 

Fig. 447 shows a section through a Geipel trap in which the valve 
is operated directly by the expansion of two metallic tubes and the 
movement is not multiplied by levers as with the Columbia. The 
lower or brass pipe constitutes the inlet and is connected to the vessel 
to be drained; the upper or iron pipe is the outlet for discharge. The 
two pipes form the sides of an isosceles triangle, the base F of which is 
rigid, while the apex A is free to move in a direction at right angles to 
the linear expansion of the tubes. When cold, the brass pipe is con- 
tracted and the apex, in which the valve seat is placed, is moved down 
so that the valve is open and the water 
is discharged. As soon as steam enters 
the brass pipe the latter expands and 
forces the valve seat against the valve. 

The trap may be adjusted for any pres- 
sure by means of the lock nuts E. 

When it is desired to blow through, the 
valve may be operated by hand by press- 
ing the lever. 

Fig. 448 shows a section through a Dunham trap. It operates upon 
the expansion principle, utilizing a fluid of a volatile character as its 
motive force. The corrugated bronze disk B is filled with a volatile 
fluid, and expands and contracts according to the pressure exerted by 
the fluid. The water enters at the top, surrounds disk B and passes 
through valve opening D^to discharge outlet at E. As soon as steam 



Fig. 448. 


Dunham Expansion 
Trap. 
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strikes the disk B the volatile fluid flashes into a vapor and causes the 
disk to expand. This expansion forces valve D against its seat and 
the discharge ceases. The valve will remain closed until the condensa- 
tion collects and cools the disk B, which then contracts, opens the valve, 
and condensation enters as before. The adjustment, however, is such 
that the discharge may be made continuous instead of intermittent. 

The Dunham trap is claimed to be the smallest trap of its capacity 
on the market. The 1-inch size, having a capacity for draining 10,000 
lineal feet of 1-inch pipe under 60 pounds pressure, weighs but 5 pounds 
and may be connected to the pipe line as if it were a globe valve. 

Fig. 449 shows an internal view of a Heintz steam trap. This works 
on the principle of the volatile-fluid expansion trap but in a different 
manner from any of those described above. The requisite movement 



Fig. 449. Heintz Expansion Trap. 


is obtained by the elongation and contraction of the extremities of a 
bent metallic tube T filled with a highly volatile fluid. This tube is 
inclosed in a cast-iron box and presses against the point of regulating 
screw P. The other extremity of the tube carries the valve and is 
free to move under the action of the variations of temperature. Spring 
S has no connection with the action of the trap. It is used as a simple 
means of holding one end of the expansion tube on its pivot. The trap 
operates as follows: Water enters at I, surrounds the tube T and passes 
through the valve to the discharge outlet 0. As soon as steam enters 
the chamber the volatile fluid in the tube flashes into a vapor and the 
pressure thus created tends to straighten out the tube; this forces the 
valve against its seat and the discharge ceases. As the trap cools, 
the tube returns to its normal position and the discharge valve is opened, 
thus permitting the condensation to drain out. The adjustment per- 
mits of continuous or intermittent discharge and of variable pressures. 

Differential Traps. — Fig. 450 shows a cross section through a Flinn 
differential trap. The column of water X acting on diaphragm D closes 
valve F. The water entering pipe E and the action of the spring 
equalize column X and open the valve. Describing the action in further 
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detail, the water of condensation enters at A, fills lower chamber F, 
pipe X, and receiving chamber C up to the level of the top of pipe E. 
This column of water acting on the under side of the diaphragm D 
forces the valve to its seat against the counter pressure of the spring S, 



for each pound per square inch pressure in the pipe. The maximum 
allowable head is represented by vertical distance W. 

330. Location of Traps. — Wherever possible a trap should be 
located so that the condensation will flow into it by gravity. This 
will insure positive drainage. Sometimes, however, the coils, oylinders, 
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or pipes to be drained are located in a pit or trench or lie on a base- 
ment floor where it is impossible to set the trap so as to receive the 
drains by gravity without placing it in an inaccessible position. With 
very low pressures this is often unavoidable, but with pressures of 
five pounds or more the trap may be placed above the point to be 
drained. If a trap is set in an exposed place a drain should be pro- 
vided at the lowest point to free the pipe of water when steam is shut 
off. A dirt catcher or strainer should be placed in the pipe leading 
to the trap to prevent scale, etc., from reaching the valve. All pockets 
and dead ends should be drained, and no condensation should be al- 
lowed to accumulate. High- and low-pressure drips should be kept 
separate. All tanks should have gauge glasses. 



Fig. 452 shows the application of a float trap for automatically re- 
turning water to the boiler. For this purpose the trap must be placed 
three feet or more above the water lino in the boiler, so that the water 
may gravitate to the latter. Water is forced into the trap from the re- 
turns through pipe A until it reaches a level where the float opens the 
equalizing valve V and permits steam from the boiler to enter the trap, 
thus equalizing the pressures. The water then flows into the boiler 
by gravity through chock valve D. At the end of discharge the float 
closes the equalizing valve and another cycle begins. Check valve C 
prevents the water from being forced back to the return pipe. If the 
pressure in the return pipe A is not sufficient to force the water into 
the trap, a pump or another trap may be used to effect this result. 
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Practically any high-pressure trap may be converted into a return 
trap by the proper installation and an “equalizing'^ valve. 

Figs. 453 and 454 show different applications of steam traps to the 
receiver coils and jackets of triple-expansion pumping engines. The 
drawings are self-explanatory. 



Fig. 453. Drainage System for Jackets and Receivers of Triple-expansion Pumping 

Engines. 


Separator 



Fig. 454. Drainage System for Jackets and Receivers of Triple-expansion Pumping 

Engines. 

331. Drips under Vacuum. — Conditions frequently make it neces- 
sary to remove condensation from apparatus working under a vacuum, 
as, for example, a primary heater. 

The simplest method is to pipe the drips to the condonsor and per- 
mit the condensation to gravitate to it as in Fig. 455. Where this is 
impracticable, as in an installation with the condenser above the heater, 
a steam trap is usually employed. Fig. 456 shows the application of 
a Bundy trap to a vacuum or primary heater. A close-fitting weighted 
check valve W, set to open outwards, prevents intake of air through 
the discharge pipe while the trap is filling. Connection is made 
from the vent underneath the valve stem V back to the heater so as 
to equalize the pressures. The operation is as follows: Condensation 
gravitates from the heater through chock C to the body of the trap, 
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the check W being closed. When the bowl is full enough to overcome 
the weight of the counterbalance, it sinks and opens up the live-steam 
valve F. This admits steam to the trap through pipe D, which in 
turn closes check C and forces the water past the weighted check W 
to the discharge tank. After 
the water is discharged the bowl 
returns to its original position 
and closes valve F, the weight 
closes check IF, the vent check 
equalizes the pressure in the 
bowl and heater, and condensa- 
tion gravitates to the trap again. 

33;^. Drips under Alternate 
Pressure and Vacuum. — Occa- 
sionally the load on an engine 

is of such a character that the Gra^ty Drainage; Vacuum 

Heater. 

pressure m the receiver alter- 
nates from a pressure of 30 or 40 pounds absolute to a vacuum of 
varying degree. Where the periods of vacuum operation are very few 
and of short duration, as in the average installation, no attention is 
paid to the vacuum and the condensation is removed by a trap in the 
ordinary way. If, however, the periods are of sufficient duration and 




Fig. 456. Method of Draining Heater under Vacuum. 


frequency, the ordinary method is not applicable and the arrange- 
ment shown in Fig. 457 may be used. The trap is placed below the 
receiver , as indicated. The delivery pipe is provided with a weighted 
check or resistance valve IF set so as to open outwards from the 
trap, also a spring water relief valve R. Another weighted check P 
is placed in the lino leading from the vent to the atmosphere, and a 
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plain check C in the line leading back into the receiver. This arrange- 
ment of valves permits the venting of the trap after discharge and 
effectually excludes air from the trap when there is less than atmos- 
pheric pressure on the receiver. With the relief valve set to open at 



Fig. 457, Method of Draining Receiver under Alternate Vacuum and Pressure. 

a pressure in excess of the maximum receiver pressure it acts as a 
^'stop^^ in the pipe and the water must enter the trap. When the trap 
discharges, the live steam supplied through the pipe attached to the 
steam valve forces the water through the weighted check and relief 
valves into the sewer or receiving tank. When working with a vacuum, 
the pressures in receiver and trap are equalized through the vent 
connection and the condensation flows into the trap by gravity. The 
operation of discharge is the same as in the case of pressure. 

333. The Steam Loop. — Fig. 458 illustrates the principles of the 
steam loop'^ for automatically returning high-pressure drips to the 
boiler. In the figure the loop is returning the condensation from a 
steam separator to a boiler above the level of the separator. The 
apparatus is very simple, consisting of a horizontal and two vertical 
lengths of plain pipe placed as indicated. Pipes R and B may ])o cov- 
ered but ^‘horizontal” A is left uncovered, as its function is that of a 
condenser. The operation is as follows: Circulation is first st/Urted by 
opening stop valve 0 at the bottom of the drop leg until steam escapes. 
The valve is then closed and the steam in the horizontal A Condenses 
and gravitates to the drop leg S. On account of the slight reduction 
in pressure in the horizontal a mixture of spray and steam flows from 
the separaior chamber to the horizontal, and, condensing, gmvitates to 
the drop leg. The column of water in the drop log rises until its statics 
head balances the difference in pressure in the riser R and the horizontal. 
In other words, a decrease in pressure in the horizontal produces sitnilar 
effcc(.s on the contents of the riser and drop leg but in a degree in- 
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versely proportional to their densities. Any further accumulation causes 
an equal amount to pass from the bottom of the column to the boiler, 
since the pressure in the boiler is then less than that at the bottom of 
the column; that is, the steam pressure on the top of the water column 



plus the hydrostatic head H is greater than the pressure in the boiler. 
Once started the process is continuous and requires no further attention. 

334:. The Holly Loop- — In the application of the steam loop where 
many points requiring drainage arc connected to many boilers and 
conditions are more complex, some method other than the simple one 
of radiation may be advisable to secure the necessary lower pressure at 
the top of the loop. Such a method is illustrated in Fig. 459. This 
arrangement differs from the simple loop in that all condensation first 
gravitates to a Holly receiver (shown in detail in Fig. 460) before 
passing into the “riser. The receiver is placed below the lowest 
point to be drained and serves as a storage for large or unusual quan- 
tities of water and enables the riser to act at a constant rate independ- 
ent of variable discharge into the receiver. Furthermore, the lower 
pressure in the discharge chamber necessary to secure the lifting of the 
mingled steam and water through the riser, instead of being created by 
condensation as in the simple loop, is produced by a reducing valve B 
discharging into the feed-water heater. The operation of the Holly 
loop is as follows: Circulation is starto<l by opening valve D until steam 
appears. Valve D is then closed and the reducing valve is put into 
commission. Condensation from separators, traps, and pipes gravi- 
tates to the “receiver,” from which it is forced into the “riser” in the 
form of a spray. The spraying cflFect is produced by a series of holes 
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Reg. 459. General Arrangement of the Holly lioop. 
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drilled in pipe A, Fig. 460. From this receiver the spray and moisture 
rise to the ^‘discharge chamber/' on account of the lower pressure at 
that point, where the steam and entrained water are separated, the 
water gravitating to the bottom of the chamber and thence to the drop 
leg, and the steam discharging 
through the reducing valve into 
the heater. The principles of 
operation are exactly the same as 
in the simple steam loop. 

S35. Eeturns Tank and Pump. — 

Low-pressure drips in connection 
with heating systems may be re- Receiver, 

turned to the boiler along with the condensation from the heating system 
by a combined pump and receiver as shown in Fig. 461. The height of 
water in the tank controls the operation of the pump through the me- 
dium of a float and throttle valve. This combination of float and bal- 
anced throttle valve is sometimes called a ^'pump governor." In the 
illustration the pump forces the returns through a closed heater before 


a 



Fig. 461. Returns Tank and Pump. 


delivering them to the boiler, though they are oftentimes returned di- 
rectly. The tank is vented to the atmosphere to prevent it from becom- 
ing air bound. " The cold-water supply or make-up water is sometimes 
discharged into the receiving tank as indicated. With open heaters the 
cold supply is ordinarily controlled by a float within the heater itself. 
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S 36 , Office Buttding Brains. — In the power plants of tall office build- 
ings the public sewers are often above the basement level, and it is 
necessary to remove all liquid wastes mechanically. 

The Shone pneumatic ejector has been found to serve this purpose 
effectually. This apparatus is^placed in a pit in the basement floor 
into which all sewage, drips from engines, washings from boilers, and 
ground water gravitate, and are automatically discharged into the street 
sewer by means of compressed air. 

Fig. 462 gives a sectional view of a Shone ejector of ordinary con- 
struction. It consists essentially of a closed vessel furnished with inlet 

and discharge connections fitted with check 
valves, A and S, opening in opposite direc- 
tions with regard to the ejector. Two cast- 
iron bells, C and D, are linked to each other, 
in reverse positions, the rising and falling 
of which control the supply of compressed 
air through the agency of automatic valve E. 

The bells are shown in their lowest posi- 
tion, the supply of compressed air is cut off 
from the ejector, and the inside of the vessel 
is open to the atmosphere. The sewage 
gravitating into the ejector raises tihe bell C, 
which in turn actuates the automatic valve 

Fig. 462. Shone Ejector. thereby closing the connection between 

the inside of the ejector and the atmosphere and opening the connection 
with the compressed air. The air pressure expels the contents through 
the bell-mouthed opening at the bottom and the discharge valve B into 
the main sewer. Discharge continues until the level falls to such a point 
that the weight of the sewage retained in the bell D is sufficient to pull it 
down, thereby reversing the automatic valve. This cuts off the supply 
of compressed air and reduces the pressure to that of t;hc atmosphere. 

The positions of the bells arc so adjusted that compressed air is not 
admitted until the ejector is full, and is not allowed to exhaust until 
emptied down to the discharge level; thus the ejector discharges a 
fixed quantity each time it operates. 

Two ejectors, each of a capacity suitable for handling th(^ average 
flow of tributary sewage and so arranged that they can work either 
indc^pcndeiitly or together, arc usually installed at each ejector station. 

The main sanitary sewer of the building usually discharges directly 
into the ejectors, the surface water, drips, etc., being collected in a 
neighboring sump. The latter is connected to the sanitary sower 
through a trap or back-water valve. 
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3S7. General. — The advent of high pressures and superheat is re- 
sponsible for the elimination of many of the older systems of piping, 
the tendency being towards greater uniformity in design, particularly 
in electric central-station work. In isolated stations the conditions of 
operation and installation are so variable that each case presents an 
entirely different problem. In any system of piping the fundamental 
object is to conduct the fluid in the safest and most economical manner. 

The material should be the best obtainable and the system so flexible 
that a break-down in one element wiU not necessitate the closing down 
of the entire plant. On the other hand, flexibihty increases the number 
of parts and, unless first cost is of little importance, tends to weaken 
the system as a whole. It is a safe general proposition to say that the 
best pipe and fittings, irrespective of first cost, will prove the most 
economical in the end, but few owners of power plants are willing to 
take this view. 

338. Drawings. — An assembly drawing of the entire installation 
giving the location of all valves and fittings is necessary in order to 
avoid interference, and particularly where a number of fittings are to 
be close together. Detailed drawings should also be provided of each 
division of the piping to facilitate installation, as, for example, the 
high-pressure steam, the exhaust steam, the feed water, the condensing 
water, the oil, the heating, and the sanitary piping. As a rule, lower 
and more uniform bids will be obtained from an isometric or perspec- 
tive sketch, as in Fig. 463, than from conventional plan and elevation 
drawings, due, no doubt, to the greater ease with which the drawing is 
interpreted. A complete set of specifications for a piping system is given 
in paragraph 479 and illustrates the usual practice along this line. 

330. Materials for Pipes and Fittings. — The following materials are 
used in the construction of pipes for steam, water, and gases. 


Low-carbon or mild steel .... 

Wrought iron 

Cast iron, high grade 

Cast steel • 

Wrought copper 

Brass 

Special alloys and compounds 


Average Teneilo Strength. 

65,000 lb. per sq. in. 

50,000 lb. per sq. in. 

20,000 lb. per sq. in. 

50,000 lb. per sq. in. 

33,000 lb. per sq. in. 

1 8,000 lb. per sq. in. 

15,000-85,000 lb. per sq. in. 
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Mild Steel. — The greater portion of the piping in the average steam 
power plant is of mild steel, lap or butt welded for high pressures and 
riveted for very low pressures and large diameters. Steel pipe is con- 
siderably cheaper than that manufactured from other material and 
fulfills practically all requirements for general service. 



Fia. 463. A Typical Isometric Pipe Drawing. 


Wrought Iron. — “Wrought-iron^^ pipe in a commercial sense refers 
to mild-steel pipe and unless stress is laid upon the term ^ Spuddled iron’^ 
mild steel is ordinarily furnished. Puddled-iron pipe is not much in 
evidence in steam power plant work since mild steel is cheaper and 
fulfills all requirements. Wrought-iron pipe appears to resist corrosion 
to a greater extent than mild-steel pipe. Numerous laboratory in- 
vestigations have been made of late which show that mild steel is equal 
if not superior to wrought iron in many ways but in actual service the 
latter appears to have the longer life. 

Cast-iron Pipes. — Cast iron is little used for high-pressure steam 
piping except occasionally in the construction of manifold headers. 
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The chief objections to cast iron for high-pressure steam are its weight 
and lack of homogeneity. It is mostly used in connection with water 
service and sanitation. For manifold headers and the like steel pipes 
with welded connections have superseded cast iron in the modem plant. 

Cast-steel Pipe. — Cast-steel headers are sometimes used in power 
plants for highly superheated steam, since the material is not affected 
by temperature variations to the same extent as mild steel. High first 
cost and the difficulty of securing castings free from blowholes have 
prevented its more general use. 

Copper Pipes. — Copper steam pipes were in common use for many 
years in marine service on account of their flexibility. To increase the 
bursting strength, pipes above 6 inches in diameter were generally 
wound with a close spiral of copper or composition wire. In recent 
years wrought-iron and steel pipe bends have practically superseded 
copper for flexible connections. As a rule the use of copper pipes should 
be avoided on account of the rapid deterioration of the metal under 
high temperatures and stress variations. The cost is prohibitive for 
most purposes and this alone prevents it from being seriously considered 
in the manufacture of pipe. Copper expansion joints are occasionally 
used in low-pressure work. 

Brass Pipes. — Brass is little used in the construction of pipes on 
account of its high cost. It withstands corrosive action much better 
than iron or steel and is sometimes used in connecting the feed main 
with the boiler drum. Special alloys, nickel steel, ^Terrosteel,” mal- 
leable iron, and the like have been used in the manufacture of pipes, 
and possess points of superiority over wrought iron and steel for some 
purposes, but the cost is prohibitive for average steam power plant 
practice. 

Materials for Fittings. — Elbows, tees, flanges, and similar fittings 
are usually made of cast iron, malleable iron, or pressed steel, though 
cast steel, “ferrosteeV^ and other steel compounds are used to a limited 
extent. Standard cast-iron fittings are recommended for saturated 
steam and for pressures of 100 pounds per square inch or less, and 
extra heavy cast-iron fittings for higher pressures. Malleable-iron 
fittings are lighter and neater than cast-iron and are extensively used 
for small sizes of steam and gas pipe. Cast or pressed steel is recom- 
mended for very high pressures and superheat. 

340. Size and Strength of Commercial Pipe. — Wrought-iron and 
mild-steel pipes are marketed in standard sizes. Those most commonly 
used in steam power plants arc designated as 

L Merchant or standard pipe. 

2. Full-weight pipe. 
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3. Large O.D. pipe. 

4. Extra heavy. 

5. Double extra heavy. 

Table 118 gives the dimensions of standard full-weight” pipe, 
which is specified by the nominal inside diameter up to and including 
12 inches and based on the Briggs’ standard. Pipes larger than 12 
inches are designated by the actual outside diameter (O.D.), and are 
made in various weights as determined by the thickness of metal 
specified. Manufacturers specify that ^Tull-weight” pipe may have a 
variation of 5 per cent above or 5 per cent below the nominal or table 
weights, but merchant pipe, which is the standard pipe of commerce, 
such as manufacturers and jobbers usually carry in stock, is almost 
invariably under the nominal weight. It varies somewhat among the 
different mills, but usually lies between 5 and 10 per cent under the 
table weight. The smaller sizes of merchant pipe, f inch to 3 inches, 
are butt-welded and the larger sizes are lap-welded. 

Extra heavy and double extra heavy pipe have the same external 
diameter as the standard, but are of greater thickness and hence the 
internal diameter is smaller. Taking the thickness of the standard 
pipe as 1, that of the extra heavy is approximately 1.4 and of the double 
extra heavy 2.8. 

Wrought-iron and steel pipes are ordinarily designed with factors of 
safety of from 6 to 15, with an average not far from 10. The standard 
hydrostatic tests to which the various pipes are subjected at the mills 
are as follows: 

Hydrostatic Prossuro, 


Lb. per Sq. In. 

Standard, butt-welded, J-3 in 600 to 1,000 

Standard, lap-welded, 3-12 in 500 to 1,000 

Extra heavy, butt-welded, J-3 in 600 to 1,500 

Extra heavy, lap-welded, l- 2''-12 in 600 to 1,500 

Double extra heavy, butt-welded, J-2J in 600 to 1,500 

Double extra heavy, lap' welded, L}-8 in 1,200 to 1,500 


The pressure necessary to burst piping is far above anything likely 
to occur in ordinary practice on account of the thickness of material 
necessary to permit of threading. (See Table 117.) 

Riveted Pipes. — For low pressures and large diameters, pipes are 
constructed of thin sheets of boiler steel with riveted joints, the seams 
being either longitudinal and circumferential, or spiral Riush pipes 
are not necessarily limited to large sizes and low pressures, though this 
is ihe usual practice. 

Pipe fittings are classed as screwed, flanged or welded. 
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TABLE 117. 


BURSTING PRESSURE OF “ STANDARD ” MILD-STEEL PIPE.* 


No. of 
Specimen. 

Nominal 

Diameter, 

Inches. 

Actual Bursting 
Pressure, 

Lb. per Sq. In. 

No of 
specimen. 

Nommal | 

Diameter, 
Inches. 

Actual Bursting 
Pressure, 

Lb. perSq.In. 

ti 

1 

7800 

t7 

3 1 

3500 

12 

1 

7700 

;:8 

3 ‘ 

3500 

t3 

1 

7700 

•9 

3 

3000 



Average 7730 



Average 3330 

t4 

2 

4950 

§10 

4 

1800 

*■5 

2 

4800 

§11 

4 

1700 

t6 

2 

5.500 



Average 1750 



Average 5080 

§12 

i 5 

2500 




§13 

5 

2600 






Average 2550 




§14 

6 

3200 


* Tests made at Armour Institute of Technology 

Specimens were taken at random, from a lot of new pipe; length of test specimens, 5 ft. Specimens 
threaded at both ends and capped. 

t Failed at weld. t Failed m body of pipe. § Failed at threaded end. 


34:1. Screwed Fittings, Pipe Threads. — For screw connections the 
ends of pipes and fittings are threaded to conform to the Briggs or 
United States standard system, as shown in Fig. 464. The end of the 
pipe is tapered 1 to 32 with the axis, the angle of the thread being 



Fkl 404. Standard U. S. Pipe Thread, 


60 degrees and slightly rounded at top and bottom, 
of perfect threads is given by the formula 

y .. m D + 4.8) ^ 
in which n ^ 

T = length in inches, 

■ I) == actual external diameter of the tube, inches, 
n = number of threads per inch. 


The proper length 
(267) 


The imperfect portion of the thread is simply incidental to the proc- 
ess of cutting. The object of the taper is to facilitate ^Haldng hold” 
in making up the joint, Table 118 gives the number of threads per 
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inch for various sizes of standard pipe. When properly constructed a 
screwed joint will hold against any pressure consistent with the strength 
of the pipe. For example, the ultimate bursting strength of a stand- 
ard’’ 2-inch pipe is about 5000 pounds per square inch, while the 
stripping strength of the joint (with perfect threads) is 225,000 pounds. 
The threads, however, are often poorly cut and the parts screwed 
together improperly cleaned and lubricated, thus causing leakage 
between the threads. 

TABLE 119. 

STANDARD BOILER TUBES. 


Table of Standard Dimensions. 


Diameter. 

Standard 

Thickness. 

Transverse 

Areas. 

Area of Surface 
per Foot of 
Tube. 

_ 1 

Nominal Weight per Foot — Lb. 

External. 

Internal. 

Nearest 

B.W.G. 


External. 

Internal. 

External. 

Internal, 

Standard 

Thickness. 

One Extra 
Wire 
Gauge. 

Two Extra 
Wire 
Gauges. 

Three Extra 
Wire 
Gauges. 

Four Extra 
Wire 
Gauges. 

Ins. 

Ins. 

No. 

1 

Ins. 

Sq. In. 

Sq. In. 

Sq. Ft. 

Sq Ft. 


1 




1 

0.810 

13 

095 

0.785 

0.515 

.262 

.212 

0.90 

1.04 

1 13 

1 24 

1.35 

u 

1 060 

13 

095 

1.227 

0.882 

.327 

.277 

1.15 

1.33 

1.45 ' 

1 60 

1.74 


1 310 

13 

.095 

1 767 

1.348 

.392 

.343 

1.40 

1.62 

1.77 

1.96 

2,14 

n 

1.560 

13 

095 

2.405 

1.911 

,458 

.408 

1.66 

1.91 

2 09 

2.31 

2 53 

2 

1.810 

13 

095 

3 142 

2.573 

.523 

.474 

1.91 

2.20 

2 4L 

2 67 

2 93 

2i 

2 060 

13 

095 

3 976 

3.333 

.589 

.539 

2.16 

2.49 i 

2 73 

3 03 

3.32 

2^ 

2.282 

12 

.109 

4.909 

4.090 

.654 

.597 

2.75 

3.05 

3.39 

3.72 

4.12 

21 

2 532 

12 

.109 

5.940 

5 035 

.720 

.663 

3.04 1 

3.37 

3.74 

4 11 

4.56 

3 

2.782 

12 

.109 

7.069 

6.079 

.785 

.728 

3,33 

3.69 

4 10 

1 4.51 

5.00 

3i 

3.010 

11 

.120 

8 296 

7.116 

.851 

.788 

3.96 

4.46 

4.90 

5 44 

5.90 


3.260 

11 

.120 

9.621 

8 347 

.916 

.853 ' 

4.28 

4.82 

5.30 

5 88 

6.38 

32 

3.510 

11 

.120 

11.045 

9.676 

.982 

.919 

4.60 

5.18 

5 69 

6 32 

6,86 

4 

3.732 

10 

.134 

12.566 

10 939 

1.047 

.977 

5.47 

6.09 

6.76 

7.34 

8.23 

i} 

4.232 

10 

.134 

15.904 

14.066 

1.178 

1.108 

6.17 

6.88 

7.64 

8.31 

9.32 

5 

4.704 

9 

.148 

19.635 

17.379 

1.309 

1.231 

7.58 

8.52 

9 27 

10.40 

11.23 

6 

5.670 

8 

.165 

i 28. 274 

25,250 

1.571 

1.484 

10.16 

11.19 

12.57 

13.58 

14.65 


34^. Flanged Fittings. — In cast-iron pipes, valves, tees, and other 
fittings the flange is always a part of the casting, but for joining the 
i;Wo ends of a steel or wrought-iron pipe the flanges may be fastened to 
the pipe in a number of ways. Fig. 465, A to ff , illustrates methods 
most commonly used. In A to C the pipes arc screwed into cast-iron 
or forged-steel flanges and the two faces, with metallic or composition 
gasket between, arc drawn together by bolts. A illustrates the most 
common and inexpensive of flanged joints, which requires no special 
tools and can be made up at the place of erection. It gives satisfactory 
results for pressures of 100 pounds or less, but for higher pressures 
leakage is apt to take place between the threads. The flanges are 
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sometimes made with a long thread and a recess which can be calke( 
with soft metal. A similar joint is made with the pipe screwed be 
yond the face of the flange and the two faced off together, either plan 
or as shown in R, which is known as a male and female or hydrauli 



Smooth race 



Screwed 



Shrank 



■JZki 


Raised Face 


Tir 

Welded 



Fig. 465. Types of Pipe Flanges. 


joint. This method forms a very reliable joint, since the ends of th( 
pipe bear on the gasket, and the gasket is prevented from being blowi 
out. An objection lies in the difficulty of opening the line to remove 
the gasket or replace a fitting. (7 is a modification known as the 
tongued and grooved joint, which uses an extremely narrow gasket 
Such flanges may be subjected to severe strains when the l)olts are 
drawn up, owing to the small area of contact. Corrugated <H)ppcr o) 
steel gaskets are recommended, since soft material is apt to be squcc^iec 
out. In C the ends of the pipe are yeenedj which is an irnprovemcm 
over the simple screwed joint. D illustrates a .shrunk joint. The 
flanges are bored for a shrink fit and forced over the pipe wlion at i 
red heat. After cooling the end is beaded over into a recess on the face 
of the flange and a light cut taken from both. H shows a modifica- 
tion in whicli the hub is riveted to the pipe. E illustrates a joint con- 
structed by rolling the pipe into a corrugation in the flange. The enc 
of the piT)c is then faced off flush. 
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TABLE 120. 

DIMENSIONS OF CAST-IRON PIPE.* 


Standard Thickness and Weight. 


Nominal 

Inside 

Diam- 

eter, 

A 

100 Feet Head. 

43 Pounds Pressure. 

Class B. 

200 Feet Head. 

86 Pounds Pressure. 

Class C. 

300 Feet Head. 

130 Pounds Pressure. 








1 


Inches. 

Thick- 

Weight per 

Thick- 

Weight per 

i 

Thick- 

Weight per 












Inches. 

Foot. 

Length. 

Inches. 

Foot. 

Length- 

Inches. 

Foot. 

Length. 

4 

.42 

20.0 

240 

-45 

21.7 

260 

.48 

23 3 

280 

6 

.44 

30.8 

370 

.48 

33.3 

400 

.51 

35.8 

430 

8 

.46 

42.9 

515 

.51 

47.5 

570 

.56 

62.1 

625 

10 

.50 

57.1 

685 

.57 

63.8 

765 

.62 

70.8 

850 

12 

.54 

72.5 

870 

.62 

82.1 

985 

.68 

91.7 

1,100 

14 

.57 

89 6 

1,075 

.66 

102.5 

1,230 

.74 

116.7 

1,400 

16 

.60 

108.3 

1,300 

.70 

125.0 

1,500 

80 

143 8 

1,725 

IS 

.64 

129 2 

1,550 

.75 

150.0 

1,800 

.87 

175.0 

2,100 

20 

.67 

150.0 

1,800 

.80 

175.0 

2,100 

.92 

208.3 

2,500 

24 

.76 

204.2 

2,450 

.89 

233.3 

2,800 

1 04 

279 2 

3,350 

30 

.88 

291.7 

3,500 

1.03 

333.3 

4,000 

1.20 

400 0 

4,800 

36 

.99 

391.7 

4,700 

1.15 

454.2 

5,450 

1.36 

545.8 

6,550 

42 

1.10 

512.5 

6,150 

1.28 

591.7 

7,100 

1 54 

716.7 

8,600 

48 

1.26 

666.7 

8,000 

1.42 

750.0 

9,000 

1.71 

i 908 3 

10,900 

54 

1.35 

800.0 

9,600 

1.55 

933.3 

11,200 

1.90 

1141.7 

13,700 

60 

1.39 

916.7 

11,000 

1.67 

1104.2 i 

13,250 

2 00 

1341.7 

16,100 

72 

1.62 

1283.4 

15,400 

1.95 

1545.8 

18,550 

2.39 

1904.2 

22,850 

84 

1.72 

1633.4 

19,600 

2.22 

2104.2 1 

25,250 





* Adopted standards of Am. Water W’ks Ass’n. The above weights are per length to lay 12 feet, includ- 
ing standard sockets; proportionate allowance to bo made for any variation. All weights are anproximate. 


Dimensions of Riveted Steel Pipes: Power, March 7, 1911, p. 377. 

One of the best commercial joints is illustrated by F and is known 
as the lap joint The pipe is expanded as indicated and a light cut is 
then taken from the flared ends to insure a tight joint. The flanges 
are loose and permit of considerable flexibility in shifting them through 
various angles. This is sometimes called the Van Stone joixxt. 

Pipes with flanges welded on the end as in G have proved the most 
reliable of all and though costly are considered the standard for high-' 
pressure and high-temperature work. The faces are ordinarily raised 
■3^ to xV inch inside the bolt holes and ground to a steam-tight fit, so 
that thick gaskets are unnecessary. 

For moderately high pressures and temperatures any of the joints 
when well made will prove satisfactory. For extremely high pres- 
sures and temperatures the lap or welded joints are preferable. 
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Figures given are for center to face and for face to face finished dimensions. 

Where necessary manufacturers will make suitable allowances m patterns before casting. 
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Corrugated steel gaskets covering the entire annular area inside the 
bolt holes are highty satisfactory for high pressures and tempera- 
tures. In a number of recent plants the tips of the flanges are welded 
by an oxy-acetylene torch to insure tightness. 
See Fig. 466. 

The comparative costs of various flanges are 
given in Table 123. 

Tables 121 and 122 give the dimensions of 
standard and extra heavy fittings as adopted by 
a joint committee of the manufacturers and of 
the American Society of Mechanical Engineers. 
This new schedule, ^'The American Standard of 
1914/’ went into effect January 1, 1914, 

Fig. 466. Pipe Flange The following explanatory notes refer to Tables 

with Welded Tip. 221 and 122: 

(а) Standard and extra heavy reducing elbows carry same dimen- 
sions center to face as regular elbows of largest straight size. 

(б) Standard and extra heavy tees, crosses and laterals, reducing on 
run only, carry same dimensions face to face as largest straight size. 

(c) If flanged fittings for lower working pressure than 125 pounds 
are made, they shall conform in all dimensions, except thickness of 
shell, to this standard and shall have the guaranteed working pressure 
cast on each fitting. Flanges for these fittings must be standard 
dimensions. 

(d) Where long radius fittings are specified, it has reference only to 
elbows which are made in two center-to-face dimensions and to bc^ 
known as elbows and long radius elbows, the latter being used only 
when so specified. 

(e) All standard weight fittings must be guaranteed for 125 pounds 
worMng pressure, and extra heavy fittings for 250~pound working pres- 
sure, and each fitting must have some mark cast on ii. indicating the 
maker and guaranteed working steam pressure. 

(f) All extra heavy fittings and flanges to have a raised surface of 
xV inch high inside of bolt holes for gaskets. 

Standard weight fittings and flanges to be plain facsed. 

Bolt holes to be | inch larger in diameter than bolts. 

Bolt holes to straddle center line. 

(g) Size of all fittings scheduled indicates inside diameter of ports, 
except for heavy fittings 14 inches and larger when tlu^ port diam- 
eter is I inch smaller than nominal size. 

Qh) The face-to-face dimension of reducers, either straight or e(H‘.en- 
tric, for all pressures, shall be the same face to face as givcm in tables of 
dimensions. 

(i) Square head bolts with hexagonal nuts are recommended. 

For bolts If inch diameter and larger, studs with a nut on (^.ach end 
are satisfactory. 

Hexagonal nuts for pipe sizes 1 inch to 46 inches on 125-poun<l stand- 
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ard and 1 inch to 16 inches on 250-pound standard can be conveniently 
pulled up with open wrenches of minimum design of heads. Hexag- 
onal nuts for pipe sizes 48 inches to 100 inches on 125-pound and 18 
inches to 48 inches on 250-pound standards can be conveniently pulled 
up with box or socket wrenches. 

(j) Twin elbows, whether straight or reducing, carry same dimen- 
sions center to face and face to face as regular straight size ells and tees. 
1 ^ Side outlet elbows and side outlet tees, whether straight or reducing 
sizes, carry^ same dimensions center to face and face to face as regular 
tees having same reductions. 

' (k) Bull head tees or tees increasing on outlet will have same center- 
to-face and face-to-face dimensions as a straight fitting of the size of the 
outlet. 

(l) Tees and crosses 9 inches and down, reducing on the outlet, use 
the same dimensions as straight sizes of the larger port. 

Sizes 10 inches and up, reducing on the outlet, are made in two 
lengths depending on the size of the outlet as given in the table of 
dimensions. 

^ Laterals 3| inches and down, reducing on the branch, use the same 
dimensions as straight sizes of the larger port. 

(m) Sizes 4 inches and up, reducing on the branch, are made in two 
lengths depending on the size of the branch as given in the table of 
dimensions. 

The dimensions of reducing flanged fittings are always regulated by 
the reductions of the outlet or branch. Fittings reducing on the run 
only, the long body pattern will always be used. 

Y’s are special and are made to suit conditions. 

Double sweep tees are not made reducing on the run. 

(n) Steel flanges, fittings and valves are recommended for superheated 
steam. 


TABLE 123. 

COMPARATIVE COST OP VARIOUS PIPE FLANGE FITTINGS, 12-INCH PIPE. 


(Circular from the Crane Company.) 



Screwed. 

Shruok, 

|w 

aS’ 

33 

a s 

Ctf XJ 

ii 

2 

■g 

1 

■x5 

CJ 

0 > 
is 

Cast iron 

$ 7.40 
8.70 
9.90 

22.40 

26.40 

$16.00 

18.40 

$18.00 

20.00 




$13.00 

16.00 

18.00 

25.00 

30.00 

$21.00 

23.40 

Ferrosteel 




Malleable iron 

$22.00 



Cast steel. 

28.40 

32.40 

34.00 

38.00 

$33.00 

37.00 


33.40 

37.40 

Weldless steel 


$41.00 




Any of the above screwed, shrunk, welded, rolled, or single-riveted flanges can be 
furnished with male or female face at $1.25 extra. 

The screwed or welded flanges can be furnished with tongued or grooved face at 
$1.25 extra. 

Any of the above screwed, shrunk, or single-riveted flanges can be furnished with 
calking recess at $1.25 extra. 
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In modern high-temperature, high-pressure practice all nozzles for 
connecting the leads are welded to the headers thereby insuring a 
minimum number of joints. 

34S, Loss of Heat from Bare and Covered Pipe. — Steam pipes, feed- 
water pipes, boiler steam drums, receivers, separators and the like 
should be covered with heat-insulating material to reduce heat losses 
to a minimum. By properly applying any good commercial covering 



Temperature Difference ~X>cerrco« Fahreuiielt 
(Pipe Temp.'-Koom Temp.) 

Pig. 467, Total Losses from Bare Pipe 

from 75 per cent to 95 per cent of the heat loss may bo proventod. 
Numerous investigations have been made relative to the heat 1ohm» 
from bare and covered pipes, but the results have been far from har- 
monious. The most trustworthy results appear to be those based upon 
the investigations of L. B. McMillan (Trans. A.S.M.E., Vol. :18, 1916). 
Tlie loss of heat from bare pipes, as found by McMillan, is given in, 
the curves of Fig. 467 and the insulating properties of a number of 
well-known pipe (!overing.s are shown in Fig. 468. From the curves 
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in Fig. 467 it will be seen that heat loss from bare pipes is so great 
that covering will pay for itself in a comparatively short time. The 
curves, Fig. 469, showing the relation of the rate of loss per sq. ft. of 
covering surface to the temperature difference between the covering 



Tomperatxiro Difforouco, Dcg'recs Fahrenheit 
(Pipe Toxnp.-Koom Temp.) 

Fig. 468. Heat Loss Through Pipe Covering (Single Thickness). 

surface and the surrounding air is one of the most important results 
obtained by McMillan and furnishes the data required for calculating 
the heat loss from covered pipe having its surface finished in white 
canvas; thus, for finding the heat loss through any thickness of any 

* The average thicknesses in inches of the coverings, Fig. 468, arc as follows: 1 — 
1.08; 2 — 3.12; 3 — 0.96; 4—1.04; 5 — 1.25; 6 — 1.10; 7 — 1.07; 8 — 0.99; 9 — 
1.00; 10 — 0.06; 11—1.10; 12—1.16; 13 — 1.16; 14 — 0.99; 15 — 1.16; 16 — 1.10; 
17 — 1.00; 39 — 1.05; 24 — 0.96. 
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material of which the conductivity is known, at any temperature 
difference between the pipe and room up to 500 deg. fahr. : 


1: {ti — t — d) 
nf^ogeTi — log«,ri)’ 


(268) 


in which 


Hi = i7i, 

Tl 


(269) 


H^i — heat loss per sq. ft. of outside covering surface, B.t.u. per hr., 
h = conductivity of the material, B.t.u. per hr. per sq. ft. per in. 

thickness per degree temperature difference, 
and t = temperatures, respectively, of the pipe and of the air in 
the room, deg. fahr., 

r 2 and n = radii, respectively, of the outer and inner surfaces of the 
covering, in., 

d = temperature difference between the covering and air corre- 
sponding to a rate of loss 772, 

Hi = heat loss per sq. ft. of pipe surface, B.t.u. per hr. 



Heat lioss per Square Foot of Outer Surface of Covering. B.T.XJ.(=Ha) 
Fig. 469. Eelation of Heat Losses to Temperature. 


The conductivity may be calculated as follows: 

k = 7/iri (log,, Ti — Iog„ rQ 
in which — fe 

h ~ temperature of the outer surface of the covering, deg. fahr. 

Other noiiidons as in equations (268) and (269). 

These laws are. best illustrated by (ixamplos 66 and 67. 


( 270 ) 
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Example 66. A steam pipe 5.6 in. outside diameter is covered with 
single-thickness J-M 85 per cent magnesia, 1.13 in. thick, temperature 
of the pipe 380 deg. fahr., room temperature 80 deg. fahr. Required 
the conductivity per inch thickness for the given conditions. 

From Fig. 468 the rate of heat loss per hour per sq. ft. per deg. tem- 
perature difference is 0.455 B.t.u. Therefore, Hi = 300 X 0.455 = 136.5 

and Hi = 136.5 X ^ + 1.13^ = 97.2 B.t.u. From Fig. 469 the 

temperature difference between outer covering surface and air corre- 
sponding to a loss of 97.2 B.t.u. is 65 deg. fahr. Therefore, the 
temperature difference between inner and outer covering surfaces is 
300 — 65 = 235 deg. fahr. Substituting these values in equation (270) 
and solving for k, 

^ = 136.5 X 2.8 (logg 3.93 — loge 2.8) ^ ^ 

235 

Example 67. If the pipe in Example 66 is covered with 3-inch thick- 
ness of material, other conditions remaining the same, calculate the 
heat loss per sq. ft. of pipe surface per hr. per degree temperature dif- 
ference. 

From equation (268) 

jr 0.551 (380 - 80 - d) 

" (2.8 + 3) (log. 5.8 - log. 2.8) 

= 0.13 (300 - d). 

Now assume d = 20 deg. Then Hi from Fig. 469 = 25.5 B.t.u. 
But Hi from equation (268) = 0.13 (300 — 20) = 36.4. This shows 
that d must be greater than 20. Assume d = 30. Then Hi from Fig. 
469 = 39.5 B.t.u. and from equation (269) Hi = 0.13 (300 — 30) 
= 35.1. This shows that d must be less than 30. By cut and trial 
the correct value di = 27 may be obtained. Then Hi = 0.13 X (300 
— 27) = 35.5. Substitute this value of Hi in equation (269) and solve 
for Hi. o Q 

35.5 = ^ X Hi, 

from which Hi = 73.5 B.t.u. per hr. per sq. ft. Loss per sq. ft. per 
hr. per deg. temperature difference between the pipe surface and air 
in the room = 73.5 300 = 0.245 B.t.u. 

Pipe covering is applied in sections molded to the required forn and 
held to the pipe by bands, or may be applied in a plastic form. The 
former is more readily applied and removed, and is usually adopted for 
pipes, while the valves and fittings are generally covered with plastic 
material Piping should bo tested under pressure before being covered, 
since leaks destroy the efficiency and life of the covering. If the sur- 
rounding atmosphere is moist the covering should be given two or three 
coats of good paint. Coverings arc sometimes applied to cold water 
pipe to prevent sweating. 

Identification of Power Home Piping hy Colors : Power and Engineer, April 25, 
1910, p. 752. 



724 


STEAM POWER PLANT ENGINEERING 


TABLE 124. 

COEFFICIENTS OF LINEAR EXPANSION PIPING MATERIALS. 


Material. 

Temperature 

Range. 

Mean CoefiB- 
cient fier De- 
gree F. 

Wrought iron and mild steel 

32-212 

0.00000656 

Wrought iron 

Cast iron 

32-572 

32-212 

0.00000895 

0.00000618 

Cast steel 

32-212 

0.00000600 

Hardened steel 

32-212 

0.00000689 

Nickel-steel, 36 per cent Nickel 

32-572 

0.00000030 

Copper, cast 

Copper, wrought 

32-212 

32-572 

0.00000955 

0.00001092 

Lead 

Cast brass 

32-212 

32-212 

0.00001580 

0.00001043 

Brass wire and sheets 

32-212 

0.00001075 

Tin cast 

32-212 

0.00001207 

Tin hammered 

32-212 

0.00001500 

Zinc cast 

32-212 

0.00001633 

Zinc hammered 

32-212 

0.00001722 



LINEAR EXPANSION OR CONTRACTION OF CAST IRON IN INCHES PER 
100 FEET. — DEGREES F. 


Temperature Difference 

Expansion. 

Temperature Difference. 

Expansion. 

100 

0.72 

300 

2.376 

150 

1.1016 

400 

3.360 

200 

1.5024 

500 

4.440 

250 

1.9260 

600 

5.616 



800 

7.872 


Multiply by 1 1 for wrought mild steel. 

Multiply by 1.5 for wrought copper. 

Multiply by 1.6 for wrought brass. 

3M. EipaHsion. — One of the most difficult problems in the design 
of a piping system is the proper provision for expansion and contraction 
due to change in temperature. If a pipe is immovably fixed at both 
ends and under no strain when cold, and the temperature is iruTcased, 
as by the admission of steam, it is subjected to a compression propor- 
tional to the rise in temperature (within the elastic limit). The axial 
force exerted due to expansion may be expressed 

P = EA {ti — 0 M (Mechanics of Engng., Church, p. 218), (271) 

P == force in pounds, 

E == modulus of elasticity (average for steel pipe = 30,000,000), 
h — final temperature, deg. fahr. (the temperature of the pipe is 
practically that of the steam), 
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t = initial temperature, 

Ai = coefficient of expansion, 

A = sectional area of the pipe material, sq. in. 

Example 68. A 6-inch standard extra heavy steel iron pipe 200 feet 
long at 66 deg. fahr., heated to 366 deg. fahr. (the temperature cor- 
responding to steam at 165 pounds per square inch absolute pressure), 
required the axial force exerted. 

Here 

E = 30,000,000; U = 366; ^ = 66; - 0.000007 (approx.), 

A = 8.5 sq. in. 

Substituting these values in equation (271), 

P = 30,000,000 X 8.5 (366 - 66) 0.000007 
= 535,500 lb. 

Unless well braced throughout its entire length the pipe will buckle 
and become distorted. If free to expand its length would increase. 
The total increase in length is the sum of the elongation due to pressure 
and that due to increase in temperature. The increase in length due 
to pressure is negligible except for extremely high pressures and long 
lengths of thin pipe, but that due to temperature may be considerable. 


TABLE 125. 

SAFE EXPANSION VALUES OF 90-DEGREE WROUGHT STEEL BENDS IN INCHES. 


(Full weight or extra heavy pipe.) 



For any compound expansion bend multiply the tabular value by the number of 
90-degree bends, thus for a U ” bond multiply the tabular values by 2; for an ** ex- 
pansion XT’’ bend multiply by 4. 
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The increase in length for both conditions may be expressed 

j _ paL 

in which ^ ~ 

Ip = increase in length due to the internal pressure, in., 

It = increase in length due to the temperature difference, 
p = boiler pressure, lb. per sq. in. gauge, 
a = inside area of the pipe, sq. in., 

L = length of the pipe, in. 


(272) 

(273) 


Other notations as in equation (271). 

Example 69. A 12-inch extra-heavy steel pipe is 100 feet long when 
cold (70 deg. fahr.): Required the increase in length when carrying 
superheated steam at 250-lb. gauge pressure, temperature 670 deg. fahr. 

Here p = 250, a = 108.4, L - 1200, E = 30,000,000, A = 19.25, 

= 670, t - 70y jjL - 0.0000075 (the coefl5.cient of linear expansion is 
known to increase with the temperature; the value assumed here is a 
purely arbitrary one) . 

Substituting these values in equations (272) and (273), 

, 250 X 108.4 X 1200 . . , . , . , 

= 30,000,000 X 19.25 = i^eghgible, 

It = 0.0000075 (670-70) 1200 = 5.4. 


Since the forces produced by expansion arc practically irresistible 
the pipe is invariably allowed to expand and its movement is prevented 
from unduly stressing the fittings and connections by 

1. Long radius bends. 

2. Double-swing screwed fittings. 

3. Expansion joints. 


TABLE 126. 

MINIMUM DIMENSIONS FOR PIPE BENDS. 


Size of 
Pipe, In. 

Radius of Bend, In. 

Lengths of 
Strai At Pipe 
on Each 
Bend, In. 

Size of 
Pipe, In. 

Radius of Bend, In. 

Lengthn of 
Straight Pipe 
on Each 
Bond, In. 

Full Weight 
Pipe. 

Extra 

Heavy 

Pipe. 

Full Weight 
Pipe. 

Extra 

Heavy 

Pipe. 

21 

12.5 

7 

4 

8 

40 

28 

0 

3 

15.0 

8 

4 

9 

45 

35 

11 

3J 

17.5 

10 

5 

10 

50 

40 

12 

4 

20.0 

12 

5 

12 

60 

50 

14 

41 

22.5 

14 

6 

14 

70 

05 

16 

5 

25.0 

15 

6 

15 

75 

70 

16 

6 

30.0 

20 

7 

16 

80 

78 

18 

7 

35.0 

24 

8 

18 

108 

88 

18 
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Where practical long radius bends will prove most satisfactory.* 
Fig. 470 shows a number of standard bends and Table 126 gives the 
minimum radii and lengths of straight pipe at the end of each bend as 
recommended by the Crane Company. The amount of expansion 



u BEND U BEND 



Fig. 470. Types of Expansion Bends. 


absorbed by a standard 90-degree quarter bend and other shapes may 
be taken from Table 125. 

Figs. 484 and 485 show applications of pipe bends to boiler and 
header connections. 

*^At tho Essex Power Station of the Public Service Electric Co. of New Jersey 
there are no expansion joints in the headers. The headers are installed under a 
tension between anchorages, which causes an elongation equal to about one-half 
the expansion of the section from normal temperature to that of the steam. When 
the headers are at ordinary room temperature they are in tension, and when at the 
temperature of the steam they are in compression. 
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Fig. 471 shows a double-swing screwed joint in which expansion 
causes the fittings to turn slightly and thus relieve the strain. This 
method is usually adopted where long radius 
bends are not practicable on account of lack 
of space and where screwed fittings are used. 

Shp joints, Fig. 472, are now little used ex- 
cept with very large pipes and where space 
prohibits long radius bends. When slip joints 
are employed the pipe must be securely an- 
chored to prevent the steam pressure from 
forcing the joint apart and at the same time 
permit the pipe in expanding to work freely 
in the stuffing box. Sagging of the pipe on 
either side, which might cause binding in the 
joint, is prevented by suitable supports. 


Pig. 470a. JJ Bends for 
Large Headers when 
Overhead Space is 
Limited. 


fl 

]=D 

PLAN 






Elasticity and Endurance of Steam. Piping: Power, 
Feb. 23, 1915, p. 278. 


Fig. 471. Double-swing” 
Expansion Joint. 



Fig. 472. Slip Expansion Joint. 


345. Pipe Supports and Anchors. — Pipe lines must 
be supported to guard against excessive deflection and 
vibration. Supports are conveniently classified as (1) 
hangers, (2) wall brackets, and (3) floor stands. 

Fig. 473 illustrates a type of hanger for suspending 
pipes from I beams. The supports being free to swing, 
no provision for expansion is necessary. A properly 
designed hanger may be readily removed without dis- 
turbing the pipe line, and should be adjustable to 
facilitate ^Gining up.” If of rigid construction the 
lower end should be provided with a roller. 

Fig. 474 gives the details of a wall bracket with rolls and roll binder. 
Supports adjacent to long radius bends should be provided with roll 
binders as illustrated to prevent the pipe from springing laterally, 



Fig. 473. 

A Typical Pipe 
Hanger. 
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but they may otherwise be omitted. The rollers are often made 
adjustable to facilitate lining up. 

Fig. 475 illustrates a typical floor stand. Pipe lines are usually 
securely anchored at suitable points in a manner similar to that illus- 
trated in Fig. 476, the pipe resting on a saddle and being rigidly clamped 
to the bracket by a flat iron band with ends threaded and bolted. 
This limits expansion to one direction and prevents excessive strain on 
the fittings. 

Fig. 477 illustrates a method of suspending and counterbalancing 
expansion loops in a main header and Fig. 478 a flexible support for a 
large vertical exhaust header. 



Fig. 478. Spring Support for 30-itich Exhaust Pipe. 


346. General Arrangement of High-pressure Steam Piping. — The gen- 
eral arrangement of piping depends in a groat, measure upon i.he space 
available for engines and boilers. 

The engine and boiler room may be placiod 

(1) Back to back, 480. 

(2) End to end, 479. 

(3) Double decked, 486. 

The back4o-back arrangement is the most common and, other things 
permitting, is to be preferred on account of the short and <Iircct con- 
iKxdion between prime movers and boilers and the case of (mlargcment, 
Th(', engine and boiler rooms are separated by a wall, and as much of 
the piping as possible is located in the boiler room. 



PIPING AND PIPE FITTINGS 


731 


The end-to-end arrangement is ordinarily limited to situations where 
the distribution of space precludes the back-to-back system. 

The double-decked arrangement 
is frequently used where ground 
space is limited or expensive. 

Prime movers and boilers are 
connected in a variety of ways 
through steam headers as shown 
in Figs. 479 to 489: 

1. Spider system, Fig. 480. 

2. Single header, Fig. 481. 

3. Duplicate system. 

4. Loop or ring header, Fig. 483. 

5. The “unit” system, Fig. 484. 

The spider system is often used 

in small plants. In this arrange- 
ment all branch pipes are brought 
to one central header which is 
made as short as possible. The 
shortness of such a header mini- 
mizes danger from breakdowns, 
and brings all the principal valves 
close together. 

The single-header system is per- 
haps the most common, since it 
embodies simplicity, low first cost, 
and provision for extension. 

The duplicate system is losing 
favor, since experience shows that 
the extra cost of the duplicate 
mains ‘will usually give better re- 
turns in continuity of operation 
and maintenance if invested in 
high-grade fittings on a single-pipe 
system. A small auxiliary header 
is occasionally used in plants 
where double mains are desired. 

In the new River Station of the 
Buffalo General Electric Company 
the steam main is in duplicate, 
see Pigs. 487 and 488, but this arrangement is for the purpose of 
insuring flexibility and for keeping down the size of pipe and not 



c3 

s 

I 

O 

PM 


.a 

‘a 

Ph 


W 

o 

fH 


05 

d 






732 


STEAM POWER PLANT ENGINEERING 


as a protection against breakdown. Both headers are in use simul- 
taneously. 

The loop header is well adapted where a large number of steam 
engines, elevator pumps, air compressors, and miscellaneous steam- 
consuming appliances are crowded together in a comparatively small 
space. 

Large modern power plants are, by the latest practice, divided into 
complete and independent units, as in Fig. 484, each prime mover 



having its own boiler equipment, coal and ash-handling machinery, 
feed pumps, and piping, operated independently of the rest of the 
plant. 

The steam mains are usually (tross connected so that steam from any 
boiler unit may be led to the adjacent prime mover. 

Figs. 484 and 485 show the goncu-al arrangement of the stc^am piping 
at the Yonkers Power House of the New York Central, illustrating a 
typical “unit system.’^ The turbines are connec.ted in pairs by 14- 
inch loops, each turbine taking steam from either of two banks of 
four boilers. The high-pressure steam piping is of mil<l steel with 
modified reinforced “Van Rtono^’ joints. The high-pressure valves 
are of the split-disk pattern with somi-ste(d bodi(‘s. Expansion is 
taken up by th(‘- long sweep bends. 

Plants using superheated steam arc Bometimes piped to supply 
satairai.c'd steam i.o tiie auxiliaries as illustrated in Fig. 489. The 
boiler tmiuch E, leading to the main header, normally Bupplies super- 
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Fig. 481. Steam Header and Branches, Des Moines City By. Co.’s Power House (Typical Single Header). 
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heated steam to the engines. C is an auxiliary main supplying the 
air pumps, stoker engines, and other auxiliaries with saturated steam 

from branch pipe D. 


347. Size of Steam Mains. — 
Until quite recently it was the 
usual practice to employ a com- 
mon header running the entire 
length of the plant and to con- 
nect all boiler and engine leads 
with this header. With the low 
steam velocities used at that 
time headers as large as 24 
inches in diameter were not un- 
common. This type of station 
is I'arely built at the present 
day except, perhaps, for very 
small plants. In the various 
large power houses recently 
built in this country with ulti- 
mate capacities of from 100,000 
to 250,000 kilowatts, the largest 
steam headers arc not over 18 
inches in diameter. In some 
recent designs the pipes leading 
from the header to the engines 
are two sizes smallcT* than called 
for by the engine builders. In 
this case large receiver separa- 
tors two to four iiines tlie 
volume of the high-pmssnro 
cylinder arc provided near the 
throttle. The pipes b(4w(^en 
receiver and engine an^, full sizen 
The object of the arrangemcnit 
is to give (1) a constant flov/ 
of steam, (2) a full supply of 
steam close to the throttle'., 
Fiq.482. Typical Auxiliary Header System, ^ncl (3) a cuhIuoii near (:lic cui- 

giue for absorbing the shock caused by cut-off. 

With saturated stoatn and toiler pressures frorn 125 to 150 pounds 
a niaximuin velocity of 8000 feet per minute is allowed in the main 
and as high a.s 9000 feet per minute between header an<l receiver. 





Fig. 483. Typical Loop Header, 








Fig. 484, Plan of High-pressure Piping^ Yonkers Power House of the New York Central R.R, 

{Tj^ical Unit System). 
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Pig. 485. Details of Boiler Steam Piping, Yonkers Power House of tho 
New York Central R.R. 
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With steam Turbines using highly superheated steam velocities as high 
as 16,000 feet per minute have been allowed during peak loads but 
the pressure drop between boiler and prime mover is apt * to be ex- 



Fig. 48(5. Typical Doublo-dock Boiler luBiallatiou (New York ih,)* 


cessivc. Exhaust steam velocities range from 12,(K)() to 36,000 ft. per 
mimii;C, d(^pcnding upon the pressure of the steam and the length of 
the piping. 
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348. Flow of Steam in Pipes. — In designing a piping system the 
engineer is chiefly concerned with the size of pipe which will deliver 
a given weight of steam under given initial conditions to a distant 
point at a predetermined pressure drop. In small plants extreme ac- 
curacy in determining the size of pipe is not necessary; it is better 
to err in the installation of too large a pipe than one too small. In 
large stations where the pipes are large and the pressure is high the 
cost of piping increases rapidly with the size and greater accuracy is 
essential. Since the weight of steam discharged through any system 



Fig. 488. Plan of Main Steam Piping, River Station, Buffalo Geiuiral 
Electric; Company. 


of piping is a direct function of the drop in pressure it is evident that 
the greater the drop the larger will he the weigh!, di.soharge<l. A largo 
drop in pressure permits of a smaller pipe and lower radial, ion losses, 
but a point is soon reached where the economy in the size of iiipc; is 
more than offset by the loss in available energy due l,o the nxluccxl 
pressure at the point of application. There seems to be no fixcxl rule 
for determining 1,hc drop most suitable for any given set of conditions. 
In reciprocating engine practice involving the use of saturai.e(l steam 
and in which the pipe leads directly to the inlet nozzle the maximum 
di-op in pres.sure ordinarily varies from J to 1.] pounds per hundred 
feet of f)ipc, correwponding to a maximum velocity of approximately 
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6000 feet per miiiute. In a number of installations in which a large 
receiver is placed next to the inlet nozzle pressure drops of 1.5 to 2.5 
pounds per 100 feet of pipe with corresponding maximum velocity of 
about 9000 feet per minute have given satisfactory results. For very 
long pipe lines the pressure drop per 100 feet must necessarily be small 
in order to avoid low pressures at the point of delivery. In steam 
turbine practice involving the use of high pressure and superheat 
pressure drops as high as 3.5 pounds per 100 feet of pipe have been 
allowed during periods of ‘maximum discharge. Under the latter con- 
ditions pipe velocities as high as 16,000 feet per minute have been 



Fi(}. 480. Overhead Boiler Piping, Quincy Point Power Plant of the Old Colony 
St. Ry. Co., Quincy Point, Mass. 


obtained. It must be remembered that the pressure drop through the 
piping is but a small portion of the total drop from boiler to prime 
mover because of the additional resistance of the dry pipe, super- 
heater, valves, and fittings; consequently large pressure drops through 
the piping alone may cause excessive drops from boiler to prime mover. 
(See following paragraph for resistance of fittings, etc.) The average 
pressure drop in exhaust steam mains varies from 0.2 to 0'.4: pound 
per 100 feet for non-condensing service and from 0.2 to 0.4 inch of mer- 
cury per 100 feet for a vacuum of 26 inches. In large steam turbine in- 
stallations there is practically no exhaust piping and steam velocities of 
300-^400 feet per second arc possible with a negligible pressure drop. 

Notwithstanding the numerous investigations conducted on labora-* 
tory apparatus and on pipe lines under actual power plant conditions 
there is no trustworthy rule for accurately determining the behavior of 
the flow of steam in commercial piping. 
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Table 127 gives some of the rules commonly used in piping design 
and those classified under “Group I” have been given particular at- 
tention by various ■writers. For pressure drops under 5 lb. per 100 feet 



Fig. 490. General Arraugeincnt of Steam and Exhaust Pit’inK, La Salle 
Hotel, Chieago, 111. 


of pipe any of the equations in this group will give results which agree 
fairly w(dl with practice but for greater pressure drofjs they may lead 
to serious error unless modified to suit the msw conditions. 



COMPAEISOX OF PIPE EQUATIONS FOR THE FLOW OF STEAM. 
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It has been shown* that all of the rules in Table 127 with the ex- 
ception of “Ledoux” are based on the general equation 

p = C ^ (274) 

and differ only with respect to the assumed value of the coefficient of 
friction. 

In equation (274), 
p = pressure drop, lb. per sq. in., 

C = a coefficient involving a number of reduction constants and the 
coefficient of frictional resistance, 

V — velocity, ft. per second, 

7 = mean density of the steam, lb. per cu. ft., 

Jj = length of straight pipe, ft., or its equivalent, 

A = inside diameter of the pipe, in. 

Equation (274) may be reduced to the form 



in which 

w = weight of steam flowing, 11). per sec., 

k - sl coefficient involving the various reduction constants and the 
coefficients of frictional resistance. 

Numerous experiments have been made with a view of determining 
the coefficient of frictional resistance but the results have been far from 
harmonious. The coefficients involved in the equation given in Table 
127 are not applicable to the present practice of high velocities, pres- 
sures and temperatures. 

Fritzsche^s equation (Mitt, uber Forschungsarbeit, Vol. 60) has been 
mentioned as giving results more in accord with current practice but 
recent investigations made at the Berliner Elektrizitats Werke (Pra(‘,. 
Engr., March 15, 1916, p. 284) show that pressure drops calculated l)y 
means of this equation may be 50 per cent too low. ' In the light of 
the best evidence available at the present time preference should be 
given to the coefficient as determined l)y J. M. Spitzglass (Armour 
Engineer, May, 1917). Using the values of the coefficient of fricjtiou 
as determined by Spitzglass equation (275) may l)o reduced to the 
convenient form 

w = K\J'P^, ( 276 ) 

in whicli K is a ^^oefficient with values as given in Table 128. 

* Soc Author ’h paper, Power, June, 1907, p. 377. 
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The author has applied equation (276) to a number of cases in which 
pressure drops have been determined experimentally and the calculated 
values checked substantially with the test results. The values of K 
given in the table allow a sufficient factor of safety for all fittings which 
do not abruptly change the direction of flow or reduce the pressure 
by throttling. Attempts to include factors for condensation losses 
merely complicate the equation without adding to its accuracy. All 
equations thus far established relative to the flow of steam in pipes are hut 
approximations at the best and should he used accordingly. 

Example 70. Determine the diameter of pipe suitable for a 30,000- 
kw. steam turbine lead with operating conditions as follows: Initial 
absolute pressure 265 lb. per sq. in., superheat 200 deg. fahr., length 
of pipe 100 ft., maximum pressure drop in the pipe alone to approxi- 
mate 3 lb. per sq. in. when delivering 330,000 lb. steam per hour. 

^ = 3000 = L = 100, p = 3. 

For small pressure drops the density may be assumed as that cor- 
responding to initial pressure, thus y = 0.425 for pi = 265 lb. abs. 
and 200 deg. fahr. superheat. 

Substituting these values in equation (276) 

, /3 X 0.425 
91.66 = K V — lOQ— ’ 

from which K == 811+. 

From Table 128 it will be seen that K for a 14-inch pipe is 800. A 
14-inch pipe would therefore be the nearest commercial size which will 
fulfill the required conditions. 


TABLE 128. 

VALUES OF K FOR VARIOUS PIPE SIZES. 


Nominal Pipe 
Diameter, In. 

K. 

Nominal Pipe 
Diameter, In. 

K. 

1.0 

0.75 

5 0 

60 0 

1.5 

2.5 

6 0 

97.0 

2 0 

5.1 

8.0 

195 0 

2.5 

8.5 

10 0 

350.0 

3.0 

15.5 

12.0 

550.0 

3.5 

23.0 

14.0 

800 0 

4.0 

32.5 

16 0 

1100.0 


349. Frlctton through Valves and Fittings. — Equations 275 to 276 
and those outlined in Table 127 are strictly applicable only to well- 
lagged pipes, free from sharp bends or obstructions such as valves or 
fittings, which greatly increase the resistance of the flow of steam. If 
these obstructions must be considered, it is customary to allow for 
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them by assuming an added length of straight pipe equivalent in re- 
sistance to the various fittings and bends. Unfortunately, the few 
tests which have been made for the purpose of determining the resist- 
ance of various pipe fittings give discordant results, and rules based 
on these investigations are limited to such a narrow range of operating 
conditions that their use for general design purposes is apt to lead to 
serious error. 

It is definitely known that the value of the coefficient of resistance 
for smooth piping decreases with increasing diameter but with globe 
valves in short lengths of piping it appears to increase with increasing 



steam Velocity - Foot per Minute 


Fig. 491. Steam Pressure Drop, 500-hp. Babcock and Wilcox Boilers. 

diameters. It seems probable that the placing of a glolx^ valve in a 
limited length of piping produces an increasing diminution of the free 
steam passage for increasing valve diameters and thereby causes a 
whirling and friction which increases the resistance. Thci frequtmtiy 
observed fact that piping of large diameter always givcis a higher 
pressure drop than is expected from calculations is probal)Iy due to 
allowing too small values for the resistance of valves, superheaters 
and fittings. 

According to Briggs (“Warming Buildings by SteanE^) the length 
of straight pipe in inches equivalent to the resistance of one standard 
90-dogrec elbow is 

L = (277) 

and that of a globe valve 

7.= ii4d^ (i +^y 


(278) 
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These rules have been frequently quoted but results calculated from 
them are not in accord with the actual pressure drop in modern power 
plant practice. The curves in Figs.* 491 and 492 give some idea of the 
pressure drops in the piping system of a modern turbo-generator plant 
and serve to show that the actual drops are much higher than ordi- 
narily supposed. 

350. Equation of Pipes. — It is frequently desirable to know what 
number of one sized pipes will be equal in capacity to another pipe. 

According to the equations in Group II, Table 127, the weights 
discharged for a given set of conditions vary with the square root of 
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Fkj. 492. Steam Pressure Drop from Boiler Drums to Turbine Throttle. 


the fifth power of the diameter; that is, the number of pipes equal in 
capacity to any given pipe may be determined from the equation 

iVi = dtK (279) 


ill which Ni = number of pipes of diameter di equal in capacity to a 
pipe of diameter d; di and d in inches. 

According to the equation (276) 








il + 


:i.6 


1 + 


dxl 


(280) 


Thus, one 8-inch pipe is equal in capacity to six 4-incb pipes, or 
(from Table 128) Nx = 195 -f- 32.6 = 6. 

351. Exhaust Piping, Condensing Plants. — The exhaust piping in 
condensing plants is arranged cither according to (1) the independent 
or (2) the central condensing system. In the former each engine is 
provided with an independent condenser and air pump. In case the 

* Courtesy of A. D. Bailoy, Engineer in Charge of Fisk Street and Quarry Street 
Stations, Commonwealth Edison Co., Chicago. 
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Fig. 493. Diagrammatic Arrangement of Webster Vacuum Heating System. 
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vacuum drops’^ or it is desired to operate noii-condensingj the steam 
is discharged through a branch pipe with relief valve to the atmosphere, 
Figs. 3 and 321. When there are a number of engines in one installa- 
tion the atmospheric pipes lead to a common free exhaust main, which, 
on account of its great si^e, is ordinarily constructed of light-weight 
riveted steel pipe. The short connection between engine and condenser 
is usually made with lap-welded steel pipe, since riveted joints are apt 
to leak, due to the engine vibrations. In a central condensing plant, 
Fig. 330, the several engines exhaust through a common main into a 
single large condenser. An atmospheric relief valve is usually provided 
in connection with the condenser, and no free exhaust main is necessary. 
Several arrangements of condenser piping are illustrated in Figs. 321 
to 330. 

352. Exhaust Piping, Non-condensing Plant. Webster Vacuum System. 

— In the majority of non-condensing plants the exhaust steam is 
used for heating purposes. One of the best-known systems of exhaust 
steam heating, in which the back pressure on the engine is reduced by 
circulating below atmospheric pressure, 
is that known as the Webster combina- 
tion system. The general arrangement 
is illustrated in Fig. 2 and the prin- 
ciples of operation are described in 
paragraph 3. It has the advantage of 
affording (1) minimum back pressure 
on the engine; (2) effective and con- 
tinuous drainage of condensation from 
supply pipes and radiators; (3) con- 
tinuous removal of air and entrained 
moisture from confined spaces; (4) in- 
dependent regulation of temperature in 
each radiator; (5) continuous return of condensation to the boiler; 
(6) utilization of part of the exhaust steam for preheating the feed 
water; and (7) automatic regulation. Fig. 493 gives a diagrammatic 
arrangement of the piping and appurtenances in a typical installation. 
The characteristic feature of this system is the automatic outlet valve 
attached to each part requiring drainage, which permits both the water 
of condensation and the non-condensable gases to be removed continu- 
ously. The radiator temperature may be regulated by varying the 
quantity of steam supplied, either by hand or automatically by thermo- 
static control. The Webster valve, Fig, 493a, enables the vacuum to 
withdraw the water of condensation as fast as it is formed irrespective 
of the pressure in the radiator; hence the supply may be throttled to 



Fig. 493a. Webster Air Valve. 
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such an extent that the temperature in the radiator is practically as low 
as that of steam corresponding to the pressure in the vacuum line. 
The small annular space between the inner tube of the float F and the 
guide H permits of a vacuum in the body of the valve. When the water 
from the radiator lifts the float the water is drawn into the returns pipe. 
The valve then returns to its seat and the escape of steam is prevented, 
except such as finds its way through the annular space around the guide 
stem H. 

Automatic air valves are constructed in a variety of designs but 
space limitation prevents their description in this work. For a de- 
tailed description of a number of well-known devices consult ^^Me- 
chanical Equipment of Buildings/’ by Harding and Willard, John Wiley 
& Sons, 1916. 

353. Exhaust Piping, Non-condensing Plants. Paul Heating System. — 

The Paul vacuum system differs from the Webster in that the conden- 
sation, and the air and non- 
condensable gases are sepa- 
rately handled. Referring 
to Fig. 494, which gives a 
diagrammatic arrangement 
of the piping, the condensed 
steam gravitates to the 
automatic returns tank and 
pump and is pumped either 
directly to the boiler or 
through the heater to the 
boiler. Air and vapor are 
withdrawn from the upper 
part of the radiator by the 
Paul exhauster or ejector E, 
and discharged into the re- 
turns tank, which is vented 
to the atmosphere for the 
escape of the non-condensa- 
ble gases. The exhauster 
receives its supply of steam 
through pipe 0, Fig. 495, which shows the general arrangement of 
this apparatus. The piping is in duplicate to guard against failure to 
operate. The suction side of the exhauster is connected with the 
air pipes A, A, Fig. 494. Fig. 496 gives a section through the Paul 
air or vacuum valve which prevents steam from blowing into the air 
pipes and permits only air to pass. In Fig. 494 the heating system is 


SUCTION SUCTION 



Fig. 495. Paul Exhauster. 
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piped on what is known as the “one-pipe down-feed” principle; i.e., 
the exhaust steam is first conducted to a distributing header in the attic, 
from which the various supply pipes are led to the radiators. The 
water of condensation returns through these same pipes and gravitates to 

the returns pump. Both the 
supply steam and the condensa- 
tion flow in the same direction. 
This system is also piped on the 
“one-pipe up-feed,” the “two- 
pipe up-feed,” and the “two- 
pipe down-feed” principle. The 
“one-pipe up-feed” differs from 
the system just described in 
that the steam flows upward 
through the risers and does 
away with the attic pipitrg. The returns, however, flow against the cur- 
rent of steam, and water hammer is more likely to occur than with the 
down-feed system. In the two-pipe systems the steam supply pipes or 
risers conduct steam only, and the returns carry the condensation. 
The one-pipe down-feed is cheaper and simpler and practically as efficient 
as the two-pipe system under normal conditions. It is objectionable, 
however, due to the difficulty of draining the radiator with closely 
throttle4 supply valve, since the velocity of the entering steam prevents 
the water from returning through the same orifice. 

354. Automatic Temperature Control. — Experitmee shows that a 
considerable saving in fuel may be effected in tins heating plants of 
tall office buildings and similar plants by automatically controlling the 
temperature. Hand-c-ontrolled valves are usually loft, wide open, and 
when the room becomes too hot the temperature; is frequently lower(;d 
by opening the window, resulting in a waste of heat which may be 
considerable in modern buildings with hundi-eds of offices. Many 
successful methods of automatic temperature control are available, the 
usual system consisting of thermostats which control the supply of heat 
by means of diaphragm valves, the latter taking the placx; of t.ho usual 
radiator supply valve. 

Fig. 497 shows a Powers thermostat. The expansible disk U contains 
a volatile liquid having a boiling point of about 50 deg. fahr. The 
pressure of the vapor within the disk at a temperature of 70 degrees 
amounts to six pounds to the square inch, and varies with every change 
of temperature, causing a variation in the thickness of the disk. The 
disk is attached by a single screw 0 to the lever Q, which rests upon 
the screw F as a fulcrum. The flat spring R holds the l(;ver and disk 
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Fig. 496. Paul Vacuum Valve. 
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against the movable flange M, Connecting with the chamber N are 
two air passages H and I. The thermostat is attached by means of two 
screws at the upper end to a wall plate permanently secured to the wall. 
This wall plate has ports registering with H and I, one for supplying 
air under pressure and the other for conduct- 
ing it to the diaphragm motor which operates 
the valve or damper. Air is admitted through 
H under a pressure of about fifteen pounds 
per square inch, and its passage into cham- 
ber N is regulated by the valve /, which is 
normally held to its seat by a coil spring 
under cap P. K is an elastic diaphragm car- 
rying the flange M, with escape valve passage 
covered by the point of valve L. Valve L 
tends to remain open by reason of the spring. 

When the temperature rises sufficiently ex- 
pansion of the disk U first causes the valve 
to seat, its spring being weaker than that 
above valve J. If the expansive motion is 
continued, valve J is lifted from its seat and 
compressed air flows into chamber iV, ex- 
erting a pressure 
upon the elastic 
diaphragm K in 
opposition to the 
expansive force 
of the disk. If 
the temperature 

falls, the disk contracts and the over- 
balancing air pressure in N results in a 
reverse movement of the flange AT, per- 
mitting the escape valve to open and dis- 
charge a portion of the air; thus the air 
pressure is maintained always in direct 
proportion to the expansive power (and 
temperature) of the disk C/. The passage 
Fig. 498. A Typical Diaphragm J communicates with a diaphragm valve, 
Valve. 493^ compressed air operates the 

diaphragm against a coiled spring resistance, so that the movement 
is proportional to the air pressure and the supply of steam controlled 
accordingly. The adjufeting screw (?, squared to receive a key, carries 
an indicator by means of which the thermostat can be set to carry any 






Fig. 497. Section through 
Powers Thermostat. 
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desired temperature within its range, usually from 60 to 80 degrees. 
In changing the temperature adjustment lever Q forces the disk U 
closer to or farther from the flange M. 

In connecting up the system compressed air is carried to the thermo- 
stat and diaphragm valves, from a reservoir through small concealed 
pipes. 

In the indirect system of heating the dampers are of the diaphragm 
type and the method of regulation is the same as with the direct system. 

355. Feed-water Piping. — The simplest arrangement of feed-water 
piping may be found in non-condensing plants, in which the feed water 
is obtained under a slight bead, such as is afforded by the average city 
supply, and is heated in an open heater by the exhaust steam from the 
engine to a temperature varying from 180 to 210 deg. fahr. The hot 



Fig. 499. Feecl-waier Piping; ISroa-condi^using l^Iant. 

feed water gravitates from the heater to the pump and them is forced 
to the boiler, or to the cconomisscr if one is used. If a uudor is used 
it is generally placed on the discharge Huh of the pump, and should be 
by-passed to permit it to be cut out for r(‘, pairs (Fig. 499). Plants 
operating continuously should have food pumps in duplicate. In some 
cases the returns from the heating system gravitate', to heater and 
only enough cold water is added to make up the^ loss from, hwikage, (itc. 
In other cases the returns gravitate to a sjxndal ^^r(4.urns tank, from 
which they arc pumped directly to the boiler without further liealing. 
Occasionally a live-stoarn purifier is used, cspe(?iaUy if the water coTitains 
a large percentage of calcium sulphate. The feexl is them subj (Kited to 
boiler pressure and temperature and the greater part of the impurity 
prccipitateKl be'forc it enters the boiler. Closed hoateirs are often used 
in place of open heaters. When the supply is not unelor bead a closed 
heiator is usually preiferred and is placed between the pump discharge 
and tli('. f(HHl main. 
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In condensing plants the feed piping is similar to that in non-con- 
densing plants, except that if exhaust steam is used for heating purposes 
it is supplied by the' auxiliaries, such as feed pumps, stoker engines, 
condenser engines, and other steam-using appliances. 

In plants having a number of boilers it is customary to run a feed 
main or header the full length of the boiler room and connect it to each 
boiler by a branch pipe. This main may be a simple header or in 
duplicate or of the “loop’’ or “ring” type. Horizontal tubular boilers 
are frequently arranged in one battery with the feed main run along the 
fronts of the boilers just above the fire doors. Water-tube boilers are 
generally set in a battery, and as the arrangement above would block 
the passageway between the batteries, the main is run either above or 
under the settings, the former being the more common. Where a 



single', header is used, the feed pumps are sometimes placed so as to 
feed into opposii/C ends of the main, which is then cut into sections by 
valves. Another arrangement is to place the pumps so as to feed into 
the middle of the header. With the loop arrangement the main is 
ordinarily cut into sections by valves so that the water may be sent 
cither way from the pumps and any defective section cut out. With 
duplicate mains a common arrangement is to place one main along the 
front of the boiler and the other at the rear or both overhead as in 
Fig. 489! Sometimes one main is placed in the passageway below the 
boiler setting and the other on top. 

Standard wrought-iron pipe is usually used for pressures under 100 
pounds and extra heavy pipe for greater pressures. The pipes and 
fittings from boiler to main arc frequently of brass, and preferably so, 
since brass withstands corrosive action much better than iron or steel. 
Flanged joints should be used in all cases, since the pockets formed by 
the ordinary screwed joints hasten corrosion at those points. (Power, 
June, 1902, p. 4.) 
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Fig. 502, A to E, illustrates the various combinations of check valve, 
stop valves, and regulating valve in steam boiler practice. The simplest 
arrangement and one sometimes used in plants operating intermittently 



is shown in A. Here there are but two valves between the boiler and 
the main, the check being nearest the boiler and the stop valve at (lie 
main. The stop valve performs both the function of cutting out the 



Fia. 502. Different Arrangements of Valves in Fecid-watt^x Braiush Pipes. 


hoilov and of regulating the water Ksupply, This arrangement is not 
recommended, as any Ksticking or excessive leaking of the check valve 
will n(x‘.(\ssitate shutting down the boiler. B shows the most common 
arrang(Mn(nit, Here the check valve is placed between the regulating 
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valve and a stop valve as indicated. This permits a disabled check to 
be easily removed while pressure is on the boiler and the main. E shows 
an arrangement whereby both check and regulating valve may be 
removed, and is particularly adapted to boilers operating continuously 
where the regulating valve is subjected to severe usage. In this case 
the stop valves are run wide open and are subjected to no wear. The 
regulating valve most highly recommended is a self-packing brass globe 
valve with regrinding disk. The check valve is ordinarily of the swing 
check pattern with regrinding disk, Fig. 513 (C). Modern practice 
recommends an automatic water relief valve in the discharge pipe im- 
mediately adjacent to each pump (piston type only) to prevent excessive 
pressure in case a valve is accidentally closed in by-passing or in changing 
over. 

356. Flow of Water through Orifices, Nozzles, and Pipes. — Bernoulli's 
theorem is the rational basis of most empirical equations for the steady 
flow of a fluid from an up-stream position n to a down-stream position m, 
thus (^'Mechanics of Engineering,” Church, p. 706): 


p y 2 p yni 

y 2g y 2g 


in which 


all losses of head 
occurring between 
n and m 


(281) 


V = velocity in feet per second at the point considered, 

P = pressure in pounds per square foot, 

Z — potential head in feet of the fluid, 

7 = density of the fluid, pounds per cubic foot, 
g = acceleration of gravity. 

Each loss of head will be of the form K in which K is the coefficient 

of resistance to be determined experimentally. The loss of head due to 
skin friction is expressed : 

■ ( 282 ) 

in which 

/ = the coeflicient of friction of the fluid in the pipe, 

I == length of the pipe in feet, 
d = diameter of the pipe in feet. 

Other notations as in (281). 

Discharge from a circular vertical orifice with sharp corners: 

Q ^ CAy/2ghj 


(283) 
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in which 

Q = cubic feet per second, 

C == coefficient, varying from 0.59 to 0.65 (Merriman, Treatise on 
Hydraulics,'^ p. 118), 

A = area of the orifice, square feet, 
h — head of water in feet, 
g = acceleration of gravity = 32.2. 

Discharge from short cylindrical nozzles three diameters %n length, with 
rounded entrance Mechanics of Engineering," Church, p. 690): 

Q-0.815AV^. (284) 


Discharge from short nozzles with well-rounded corners and conical 
convergent tubes, angle of convergence 13^ degrees (Church, p. 693): 

Q = 0.94 A (285) 


Discharge from cylindrical pipe under 500 diameters in length (Church, 
P-712): ' 

in which 

/ = coefficient of friction. 

Other notations as above. 

/ varies with the nature of the inside surface, the diameter of the 
pipe, and the velocity of flow. 

Discharge through very long cylindrical pipes (^'Mechanics of Engineer- 
ing," Church, p. 715): __ 

Q = (287) 


Loss of head due to friction in water pipes,^ WeiBl)ach's equation is 
as follows: 


a = (o.0144 + 


0.0171()\ LP 
V?' / 5.'367 d’ 


(288) 


in which 


H = friction head in feet, 

F = velocity in feet per second, 
L = length of pipe in feet, 
d = diameter of pipe in incho: 


8e(i also, Friction Formulas for Gommorcial Pipe, by Ira N. Evans, Power, 
July y, 1912, |). 54. 
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TABLE 129 . 

TABLE OF THE COEFFICIENT / FOR FRICTION OP WATER IN CLEAN' 

IRON PIPES. 

(Abridged from Fanning.) 


Velocity in 

Diam, 

Diam. 

Diam. 

Diam. 

Diam. 

Diam. 

Diam. 

Ft. per Sec. 

= ^ in. 

= 1 in. 

= 2 in. 

= 3 in. 

= 4 in. 

= 6 in. 

= 8 in. 

= .0417 ft. 

= .0834 ft. 

= .1667 ft. 

= .25 ft. 

= .333 ft. 

= .50 ft. 

= .667 ft. 

0.1 

.0150 

.0119 

.00870 

.00800 

.00763 

.00730 

.00704 

0.3 

.0137 1 

.0113 

850 

784 

750 

720 

693 

0.6 

.0124 

.0104 

822 

767 

732 

702 

677 

1 0 

.0110 

.00950 

790 

743 

712 

684 

659 

1.5 

.00959 

.00868 

.00757 

.00720 

.00693 

.00662 

.00640 

2.0 

.00862 

810 

731 

700 

678 1 

648 

624 

2.5 

795 

768 

710 

683 

662 

634 

611 

3.0 

.00753 

.00734 

.00692 

.00670 

.00650 i 

.00623 

.00600 

4.0 

722 

702 

671 

651 

631 

607 

586 

6.0 

689 

670 

640 

622 

605 

582 

662 

8.0 

663 

646 

618 

600 

687 

662 

544 

12.0 

630 

614 

590 

582 

560 

540 

522 

16.0 

.00618 

.00600 

.00581 

.00570 

i .00552 

.00530 

.00513 

20.0 

615 

598 

579 

566 

549 

525 

508 

Velocity in 
Ft. per Sec. 

Diam. 

= 10 in. 

Diam. 

= 12 in. 

Diam. i 
= 1C in. 

Diam. 

= 20 in. 

Diam. 

= 30 in. 

Diam. 

= 40 in. 

Diam. 

= 60 in. 

= .833 ft. 

= 1.00 ft. 

= 1.333 ft. 

i 

= 1.667 ft 

= 2.50 ft. 

= 3.333 ft. 

= 5. ft. 

0.1 

.00684 

.00669 

.00623 





0 3 

0.6 

673 

659 

657 

642 

614 

603 

.00578 

1 



567 

.00504 

.00434 

.00357 

1.0 

643 

624 

588 

555 ! 

492 

428 

353 

1.5 

1 .00625 

.00607 

.00572 

.00542 

.00482 

,00421 

.00349 

2.0 

609 

593 

559 

529 ! 

470 

416 

346 

2.5 

596 

581 

548 

518 

460 

410 

342 

3.0 

.00584 

.00570 

.00538 

.00509 1 

.00452 

.00407 

.00339 

4 0 

568 

553 

524 

498 

441 

400 

333 

6.0 

548 

534 

507 

482 1 

430 

391 

324 

8.0 

532 

520 

491 

470 ' 

422 

384 

320 

12.0 

16 0 

20.0 

512 

.00502 

498 

500 

.00491 

485 

478 

.00470 

457 ! 
.00450 

412 

.00406 

377 

.00370 

! 

.00313 








William Cox (American Machinist, Dec. 28, 1893) gives a simple 
rule which gives almost identical results: 


(4 72 + 5 7 ^ 2) L 
^ 1200 d 


(289) 


Notations as in (288). 

Loss of head due to friction of fittings. Equations (286) to (289) are 
based on the flow of water through clean straight cylindrical pipes. 
Where there are bends, valves, or fittings in the line the flow is de- 
creased on account of the additional resistance. 



760 


STEAM POWER PLANT ENGINEERING 


These frictional losses are conveniently expressed in feet of water, 

thus: 1/2 

H = C 290) 

C having the following values: 

Angles. Class of Valve. 

45 degrees. 90 degrees. Gate. Globe. Angle. 

C 0.182 0.98 0.182 1.91 2.94 

Example 71. Determine the pressure necessary to deliver 200 gal- 
lons of water per' minute through a 4-inch iron pipe line 400 feet long, 
fitted with four right-angle elbows and two globe valves. The water 
is to be discharged into an open tank. 

A flow of 200 gallons per minute gives a velocity of 
200 X 1 11 

^ — — - 12 - ^ 2 “ ^ second (7,48 = number of gallons pet- 

cubic foot, and 12.72 = internal area of the pipe, square inches). 

From the preceding table, / = 0.00618 for V = 5. 

From (290), 

25 

Resistance head of 4 elbows = 0.98 X X 4 = 1.52 feet. 

64.4 


Resistance head of 2 globe valves : 

1-91 X ^ X 2 = 1.48 feet. 
64.4 

Resistance head of all fittings: 

1.52 + 1-48 = 3 feet. 

Substitute V = 5, L = 400, and d = 4 in (280). 


N 


= / 4xffl + 5x5-2 \ 

V 1200 X 4 J 

= 10.25 feet, resistance head of the pipe. 


Total resistance head = 10.25 + 3 = 13.25 fcict of waUn-, or 5.75 
pounds per square indi. 

Example 72. How many gallons of water will b(^ (liH(‘harge<l pen- 
minute through above line wiili initial pressure of 100 pounds per scpuire 
inch, and what will be the pressure at the discharges end? 

Since / depends upon the unknown K, we rtiay put / « 0,006 for a 
first approximation and solve for F; then tak(^ a new valuer of / and 
substitute again, and so on. 

Substitute / = 0.006, d = h = 100 X 2.3 - 230, and I « 400 in 

• /I _ o 1 E 4 /od#' X m 

y 3.15 y ^ 


1.95 cubic foot per Hocorwl, eornwpotuliug to 
a velocity of 22 foot pcsr Hocoud. 
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From table, 

/ = 0.00548 (by interpolation) for 7 = 22 feet per second. 

From (290) the friction of 4 elbows and 2 globe valves is found to 
be 58 feet for V = 22. 

From (289) a resistance head of 58 feet of water for F == 22 is found 
to be equivalent to 136 feet of straight pipe, thus: 

/4 X 22^ X 5 X 22 - 2\ ^ 

'^^ = 1 — )^- 

L = 136. 


Substitute / = 0.0.548, I = 400 + 136 = 536 in (287): 


Q 


3.15 


v/ 


0.33^ X 230 
0.0058 X 536 


= 1.74 cubic feet per second, corresponding to 
a velocity of 19.3 feet per second. 

= 780 gallons per minute. 


If greater accuracy ivS necessary detenuine / and L for F = 19.3 and 
procecnl as above. 

Th(^ iioial friction head may l)e determined from (289), thus: 


If 


^ /4 X 19.32 + 5 X 19.3 - 2\ 
V 1200 X4' / 

= 177 feci of waiter 
= 77 pounds per sepauxi inch. 


Th('. pressure at th(‘, disdiarge end will be 

100 — 77 = 23 pounds pen* scpiare inch. 


Av(n‘ag(^ powen* i)la,nl( pi'aotico gives iho following maximum velocities 
of How in waiicr pipc'-s: 


size of in 

Velocity, iH‘r 

Biiie of Hjk) in 

Velocity, Feet j>c)r 

Indww. 

Minufo. 

InchcH. 

Minute. 

1 to J 

50 

3 to 6 

250 

§ to li 

100 

Over 6 

300-400 

li to 3 

200 




Hiop Valves* Ttu^ valves used t.o (x)ntrol and regulate ilic 
flow of nuids an', the most important element in any piping system. 
A good valv(% should have sufFuiKUii weight of metal to pniveut distor- 
i^ion xindor varying itutiperature and pressinx',, or under strains due to 
cormcudloti witli iho piping; tlu^ seats shouhl be easily repaired or re- 
luwed; tlu^re should be no pockets or projections for the avxannulaiion 
of dirt and scale, ami th(^ valve stem shouhl pc^rmh^ of ('.asy aiul eflicfumt 
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packing. Stop valves are made in such a variety of designs that a 
brief description will be given of only a few fundamental types. 

Fig. 503 shows a section of an ordinary globe valve, so called because 
of the globular form of the casing. This type of valve is the most 
common in use. Globe valves are designated as (1) inside screw and 
(2) outside screw, according as the screw portion of the stem is inside 
the casting, Fig. 503, or outside. Fig. 504. The top, or bonnet, may be 
screwed into the body of the valve. Fig. 503, or bolted, Fig. 504. The 
smaller sizes, three inches and under, are usually of the screw-top type 
and the larger of the bolt-top type. Valves with outside yoke and screw 


( ) 



Fig, 503. A Typical (Uobc Valve, 
Berew-toj), In.side Screw. 



Fig. 504. A O'ypical (Ho}>e Valve, 
Boli-ld)p, Ouinidf^ Hebrew. 


preferable to others in that they show at a glance whei/lu^r ilie 
valve is open or closed, an advantage in changing from oxio, se(d/ion to 
another. The disks are made in a variety of forms, tlu^ material 
depending upon the nature of the fluid to be (tontrolkal. dims, for 
cold water, hard rubber composition gives good resuli/S; for hot watnr 
and low-pressure steam, Babbitt metal; for high-pre^ssure. steam, copper 
or bron55(i; and for highly sui)erheated steam, iii<‘.keL Tlu^ valv(^ bodicis 
are of brass for sizcis under three inches, cast iron for the larger dym 
and ordinary pn^-ssures and tcanpca’aturcB, and cast st(T.l or H(uni-Ht(Hd 
for high teinperaturc^s and pressures. Olobc valves should always b(! 
set to close against the pressure, otherwise ili(\y could not f)e opemed 
if tiui valves siiould become detaclu^d from the stem. (Uobe valvc^s 
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should never be placed in a horizontal steam return pipe with the stem 
vertical, because the condensation will fill the pipe about half full be- 
fore it can flow through the valve. Globe valves that are open all the 
time are preferably designed with a self-packing spindle, as in Fig. 504, 
in which the top of shoulder C can be di*awn tightly against the under 
surface of bonnet S, thus preventing steam from lealdng past the screw 
threads while the spindle is being packed. 

Figs. 505 to 507 show different types of gate or straightway valves. 
These valves offer little resistance to the flow of steam or liquid passing 



505. A TyP'^f'^d 
C}aio Valve, Solid- 
wcdgci, Ber<5w4op, 
Outwide Hen^w. 


500, A Typical Gate 
Valves, Solid-wedge, Bolt- 
top, InHid(‘. Screw. 


Fm. 507. A Typical 
Gate Valve, Split- 
wedge, Bolt-top, la- 
side Screw. 


ibrough l/luan, and mv, gcmmilly used in the b(^.st class of work. Fig. 
505 shows a H(‘,cdiou through a. solid-wedge gaU', valv(‘. with outHidc screw 
and yoke. This form of ou(si(l<‘. senw and yok(^. with sUan protruding 
beyond the hand wluad is a perfect indicator to show whether the valve 
is opeti or shut, as ike luuul wheel is stationary aiul the spindle rises in 
(lirecd proportion to tlie amount the valve is opetied. For ihmo reasons 
outside screw valves arc^ pn^h^.rabk^. for high-pressurt^ work an<l espeikdly 
for the largcn* sizes. Th(‘, miin are mack*, solid, or rc^.moval )!<*., and of 
various niat/erials for diff(u*cnit. preHSur(*.s and temperatures. Fig. 507 
shows a Hcudion through a split-wedge gate*, valves with parallcd facets and 
Bcuits. For the. sake of illustration this valves is fitted with inside screw. 
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la this desiga the spindle remains stationary so far as any vertical 
movement is concerned, and the gate or plug, being attached to it by 
means of a threaded nut, rises into the bonnet when the spindle is re- 
volved. It is impossible to tell by its appearance whether this form of 
valve is opened or closed. Valves with inside screw are adapted to 
situations where there is considerable dirt and grit, since the screw is 
inclosed and protected, and excessive wear is thus avoided. Gate 
valves with split gates are more flexible than those with solid gates, and 
hence are less likely to leak. Fig. 508 shows the application of the 


Pig. 5()S. Ludlow Anglo Valves 
Oatc^ Pattern. 


Fun 509. AndorHon Non- 
return Valves. 


gate system to an angle valve. All lugh-proBsure valvcis above 8 itudie.s 
in diameter should bo provided with a small by-pass valvc^,, a.H t.he 
pressure exerted against the disk or gate is very gn^at whem i/hc^ valves is 
closed and the forego reciuired to move it is eousidcrahh^. Th(^ by-pass 
valve also facilitates ‘^warming up” the section to b(5 (uit in and is 
more readily operated than the main valve. 

358. Automatic Non-return Valves. ~ Fig. 509 sliows a see.iion 
through an automatic non-return valve as applied to tlie noy^zlc^ of a 
steam boiler. As will Ixi seen from the illustration it pra(‘Xi<?ally 
amounts to a larged ednude valve with cushioned disk. The ohjCHtt of 
this dcwice is the equaliisation of pressure between the different units of 
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the battery, the valve remaining closed as long as the individual boiler 
pressure is lower than that of the header. In case a tube blows out the 
valve closes automatically, owing to the reduction of pressure, and 
prevents the header steam from entering the boiler. It acts also as a 
safety stop to prevent steam being turned into a cold boiler while men 
are working inside, because it cannot be opened when there is pressure 
on the header side only. To be successful, such a valve should not 
open until the pressure in the boiler is equal to that in the header; it 
should not stick and become inoperative nor chatter and hammer while 
performing its work. Referring to Fig, 509, tail rod E insures align- 
ment and hence prevents sticking; steam space C acts as a dashpot to 
prevent hammering of the valve as it rises, and steam space D acts as 
a cushion and prevents hammering at closing. Lip F is made to enter 
the opening in the seat and reduce wire drawing across the scat. Fig. 
485 shows the installation of a number of non-return valves at the 
Yonkers power house of the New York Central Rnilway Company. 

Emergency Valves and Automatic Stops. ~ In large power 
plant-s it is customary to prohict the various divisions of the steam 
piping by emergency valven which may b(^ (‘Aosed by suitable means at 
liny reasonable distance from the valv(^ The simplest form pf 
gency stop is a weighted “butterfly’^ valve, which is to all intcuts|and 
purposes a wcaghicKl cdieck, as illustrated in Fig. 513 (D). The weig^ 
when support(Hl, say by a (a>rd and pulky, holds the valve open; whe4 
tihe (‘X)rd is cut or released t.he weight, drops and forces the valve shut.l 
The cord may lead to any (*,<)nveuieiit and safe distanc.e from the valve. 
In applying this syst.cnn of control i.<) steam (^ngiiu\s tlie valve is placed 
in the stcnim pipe just above the throttles and the weight, held up by 
a. kwen- (loutrollcMl by t.he ttiain govea-uor or preferably by a separate 
goveunor. Sho\ild thc^ caigine cxcood a (pertain sfX'od, as in cjasc of 
accidemt to the rc^gular governor, the lever supporting the wcuglit is 
trippcKl by ihe^ emergency governor and the valve is cAoschI automati- 
cally, For high pr(‘ssur(^s a rot.at.iug plug valves or cocAc is preferred to 
the butterfly type, sin(‘.e it. is balanccnl in all positions. Hatc^ and globe 
valvc^H may be c^onvcutcHl into emeu^genuy valvc^s by having the steams 
mechanically opcmii-ed by cAecdric motors, hydnuilic pistons, and thc^ 
like. Fig. 510 shows a s(HA.ion t.hrough a Oane hydrauli(!!ally operated 
canca’gcmc^y gate valve. 

Fig. 511 shows a partial scHdlon through aii ^^Aiukrson triple-duty^^ 
emergency valvc'., and Fig. 512 a scHdion through (he pilot, valve, A 
st.(^am conncxdion from ihe^ main linc^ to tlie top of a copper diaphragm 
holds thc^ pilot, valvc'. cAosc^d bec.ausc^! of t.he large', atoa above', the', dia- 
phragm. A sicuun pipe) coimectiou from tmderimatli the emergency 
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piston of the triple-acting valve also leads to the pilot valve. In case 
a break occurs in the main steam line or branches, the pressure is re- 
moved from the top of the pilot valve, causing it to open, thus exhaust- 
ing the pressure from beneath the emergency piston in the triple- 
acting valve. The boiler pressure on top of the emergency piston 



Fig. 510. Crane 
Emergency 
Valve, Hydrau- 
lic 



Fm. 511. Audernon 
Triple-duty Emer. 
gcncy Valve. 



Fxo, 512. Pilot Valve 
for Andornoit Tripie- 
duty Emerg(HH‘/y 
Valve. 


causes the valve to close. Pilot valves may be located at any (Uwinthlc^ 
places, thus affording control from different points. 

In the Locke automatic engine stop systenG^ the stop valve is 
operated by an electric motor which is controlled by contact points 
operated by a speed-limit device. (See Power, August, 1907, p, 471, 
for a detailed description.) 

Check Valves. — Fig. 513, A to JD, illustrates the different types 
of check valves in most common use; A m a ball cheeky B a ejwp or duk 
check, C a swing check, and D a imighted check Occasionally the valve 
l)ody is fitted with a valvci stem and handle for holding the disk against 
its seat, in which it is designated m a stop check In A and B the valve 
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seat is parallel to the direction of flow and the valve is held in place 
by its own weight and by the pressure of the fluid in case of reverse flow. 
In the swing check the seat is at an angle of about 45 degrees to the 
direction of flow. The latter construction is preferred as it offers less 
resistance to flow and there is less tendency for impurities to lodge on 
the valve seat. By extending the hinge of the swing through the body 
of the valve, a lever and weight may be attached as in D and the check 
will not open except at a pressure corresponding to the resistance of 
the weight. It thus acts as a relief valve and at the same time pre- 
vents a reversal of flow. Stop checks are usually inserted in boiler feed 
lines close i-o the boiler, and, when locked, act as any ordinary stop 




kI<^. 513. Types of Check Valvos. 

valves and permit ilie piping to be dismantled or the regulating valve 
to b(^ {’(^ground without lowering the pressure on the boiler. Since the 
wejir on (flie(‘lc valvc^s is exemsive and ne(a\ssitat/(^s fnKfuent regrinding 
ih(\y are often' mounted witir reprmr/v/n/ disks, Fig. 513 ((,/), which may 
b('< ^^grouruF’ against/ t/h(‘. seat/ without, rcunoving the valve from the line, 
361. Blow-off (k)Cks and Valves. The rcupiiroments of a good blow- 
off vaJv('. arc that it. shall furnish a fre(^. passage for sc.alc'. and sediment, 
(hat it shall closer tightly so as not to leak, and that it shall open easily 
without, sticking or (Uiiting. On account of t.hc ratlicr severe service 
t.o which su(;li vaivc^s uro sul)je(d.e(l, ihoy im) made very heavy, with 
nmewablc^ wearing parts. 

Fig. 514 giv(w a sectional vk^w of a Orane ferrosteel valve. The bon- 
net is (easily t.akcm off and the. disk removed to bc^ refa(HHl or replaced 
l)y a new otu^ The old disk is repaired l)y |>ouriug in a hard Bal)l)itt 
tn(‘i.al a.n(l facung it. off flush. Th(^ seats arc», of brass and oval on top 
to prevciut seude lodging betwexui them and the disk, and are so made 
that, tiny may b(^ removenl; but. it has been found in pra<d.ice that there 
is not much cut.iing of the H('.at, the damage usually !)eing confined to 
(.he softer Babbitt metal which faces disk. 

Fig. 515 givc*,s a. sectional view of a Faber valvc'.. When the disk, 
whicih makes a simg fit. in the body of the valve, is in the position shown, 
the boiler discdiargf^. is practicadly shut off and any sediment lying on 
the mn%t m cleaned oil by a jet of steam or water* 
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Fig. 516 shows a section through a typical blow-ojf cock of the straight- 
way taper plug pattern with self-locking cam. Plug cocks are often 
used instead of valves on the blow-off piping. 

Current practice recommends the use of two valves, or rather one 
valve and one cock, in the blow-off line of each boiler. In most of the 



Pig. 514. Crane Ferro- Fig. 515. A Typical Blow- Fig. 510. Faber Blow- 
steel Blow-off Valve. off Cock. off Valve. 


large stations a blow-off valve and a blow-off cock an^ iiusiiallcd a.s in- 
dicated in Fig. 517. The number and size of blow-off cocks are usually 
specified by city oi* state legislation. (For a (lesc.riptiou of various 
types of blow-off valves, see Power, Doc, 20, H)K), p. 2228.) 

Safety Valves. — Fig. 518 shows a section through the simplest 
form of safety valv(n The valve is hold on its seat agUiinst* tlu^ boilm* 
pressure by a cast-iron w(aght as indicated. This iyp(^ has tli(^ advan- 
tage of great simplicity, and can be h^ast- affcciv.d l)y tampering, since 
it requires so much weight that any additional amount which would 
seriously overload it can be quickly <let(K!t)(Hl For high pn^ssure, an<l 
large sizes of boiler this dim of valve is cmtirely too cumbersonui. 

Fig. 519 Kshows the general details of the (‘.ommon Imr m/ety valm. 
The valve is held against its seat by a loaded Ic'vei', thereby enabling 
the use of a much smaller weight than the ^blead-wcugliG^ typ^t suute 
the r(?sisian(?e is multiplied by the ratio of th(^ long arm of the hwcsr 
to the shoii oiu^. The proper position of the weight is (k^ie.rmined by 
simple proportion. Safety valves of the “dead-weight^^ or “levcu'^^ 
type a.re liiih* us<,h1 iti modern praoiioc, and their use is prohihiiod in 
XL S. nuirine se.rvi(a‘. aud in many states. 
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FRONT eLeVATION REAR ELEVATION 

Fig. o 17. Feed Water and Blow-off Piping, Soutii Side Elevated Ry. Station, Chicago, 111. 
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Fig. 520 shows a section through a typical pop safety valve in which 



the boiler pressure is resisted by a 
spring. This type of valve has prac- 
tically supplanted all other forms. 
The boiler pressure acting upon the 
under side of valve V is resisted by 
the tension in spring S. As soon as 
the boiler pressure exceeds the resist- 
ance of the spring the valve lifts from 
its seat and the steam escapes through 
opening 0. The static pressure of 
the steam plus the force of its re- 
action in being deflected from the 


surface A holds the valve open until the. pressure in thc^ boiler drops 



about 5 pounds below that at whi(ih tlu^, valve is lifi.(Hl. The addi- 


tional area of valve exposed to pr(\s- 
sure when the valve lifts causes it to 
open with a sudden motion whicR has 
given it its imme, and it also closes 
suddenly when the pressure^, has fallen. 
These valves are arrange<l so that U\o- 
spring tension may be varic<l with- 
out taking them apart, and provision 
is made for lifting the seats by nmim 
of a lover. The s<*iitH an^ of solkl 
nickel in the best designs, to minimiaie 
corrosion. 

The commercial rating of a sah^ty 
valve is based upoii tlui arc^a cxjxxsed 
to prossuni wlum the valve is cJoHcd, 

TIic^ mimber n.nd si/rj of sah^ty valvc^s 



Mii.cn eof^NRRtiOfi 


Ena 520. ChriHolt<lai(‘(l I^op 
Hafcty Valve. 


for a given boiler arc ordinarily spc^cufied by (tity or st4ite Ic^gislat.iom 
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The logical method for determining the size of safety valves is to 
make the actual opening at discharge sufficient to take care of all 
steam generated at maximum load without allowing the pressure to 
rise more than six per cent above the maximum allowable worldng 
pressure, thus: 

Let W = maximum weight of steam discharged, pounds per houL 
A = effective discharge area, square inches, 

P = boiler pressure, pounds per square inch absolute, 

1/ = lift of valve, inches, 

K = coefficient determined by experiment, 

D = diameter of valve, inches. 

According to Napier's rule for the discharge of steam through un- 
restricted orifices 

w = ™ PA = 51.4 PA. (291) 

Allowing for restriction of orifice 

W = rAAKPA. (292) 

In the A.S.M.E. “boiler code” the value of K is taken as 0.96. Sub- 
stituting this value K in cxiuation (292), 

W = 49.3 PA. (293) 

For a flat-Hoatc'd valv(', 

A = V DL, 

whence W = 155 PDL (294) 

W f 

and I) = ().()0(i45 (295) 

For the. almost universal 45-degi'CC sciatrod valve 
A ~ irDL sine 45 tlegrccH 
= 0.707 DL, 

wlu^nco W = 109.7 PDL (296) 

and /I = 0.00911 (297) 

The proKcnit rule of the United States Board of Supervising InaiKic- 
U)rH is 

a = 0.2074 (298) 

in which 

a >='’ area of (lie wifety valve in Hijuare. inches per square foot of grate 
surface jwr hour, 

w * pounds of water evaporated iHir sciuare foot of grate surface 
per hour. 
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Example 73. A boiler at the time of maximum forcing uses 2150 lb. 
of Illinois coal per hour; heat value 12,100 B.t.u. per lb.; boiler pressure 
225 lb. per sq. in. gauge; feed water 200 deg. fahr. Required the siize of 
safety valve. 

Assuming a boiler efficiency of 75 per cent the total maximum 
evaporation is 


W = 


2150 X 12,100 X 0.75 
1033 


18,880 lb. per hour. 


(1033 = heat content of 1 lb. of steam at 225 lb. gauge above 200 
deg. fahr.) 

Assuming adift of 0.1 in., we have, from.equation (297), 


D = 0.00911 


18,880 
240 X 0.1 


= 7.17 in. 


According to the A.S.M.E. code two valves would be required. 
Considering two valves of the same size, the diameter of each for the 

7.17 

given condition would be = 3.5 (approx.). 

The follovdng rules pertaining to safety valves arc taken from t/ho 
A.S.M.E. Boiler Code: 

Each boiler shall have two* or more safety valves, (except a boiler 
for which one safety valve 3dn. size or smaller is required. 

One or more safety valves on every boiler shall bo s(4: at or below 
the maximum allowaldo working pressure. The rcnnaiuiug valves ttuiy 
be set within a range of three per cent above t/he maximum allowable 
working pressure, but the range of setting of all of the valves on a 
boiler shall not cxcicod ten per cent of the highest pressure to whi(;h 
any valve is set. 

Each valve shall have full sized dircu^t comi(K4;ion to th(^ boiku*. No 
valve of any description shall be placed between the safety valvci and 
the boiler, nor on the discharge pipe between the safety valv(^ ami 
the atmosphere. 

The complete A.S.M.E. Boiler Code may b(', purchased from the 
American Society of Mechanical Engineers, New York City. 

363. Back-pressure and Atmospheric Belief Valves. — Th(\se valvtis 
are for the purpose of preventing execssivc bac,k pressure in (^.xhaust 
pipes. In non-condensing plants such valves are (lesignat<Hl as 6ac/c- 
presmre valves and in condensing plants as atmospheric relief valves. In 
the former the valve is usually adjusted so that a pn^ssure of one to 
five pounds above/ the at/inosphere is necessary to lift it from its seat; 
in the latter the valve lifts at about atmospheric; pressure. Tliey are 
pracitically identical in construction, differing only in minor details. 
A sllglit leakage in ttie back-pr(;ssurc valve is of small conse<|uetic(^, 
but in an litmosphcric r(;li(;f valve it may seriously affeet the; dc;grc;e 
of vacuum and throw ummeossary work upon the air pump, hence; it 
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is customary to ^^water-seaP’ the latter. Fig. 521 shows a section 
through a typical back-pressure valve. The valve proper consists of 
a single disk moving vertically. The valve stem is in the form of a 



pisi-on or dashpot which prevents sudden closing 0 !“ hammering, ihe 
pressure holding the valve against its seal^ is regiilai-ed by a spring. 
Whem the back pressure becomes great/cr than at^mospheric plus that 
add(^xl by the spring, the valve raises from its seat and relieves it. 



Fhj. 523. dranc Atnionphcric 
Valv(% 


Fig. 522 shows a seadion through 
which the resisting preSiSure is varied 
Fig. 482 shows the application of i\ 
luxating systium 



Pi(}. 524. Acton Atmosplicric. 
Uclicf Valve. 


a Davis back-pressun*. valve, in 
by means of a lever and weight, 
back-pressun^ valve to a typi(5al 
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Fig. 523 shows a section through a typical atmospheric relief valve. 
Opening B is connected to the exhaust pipe and opening A leads to 
the atmosphere. Under normal conditions of operation atmospheric 
pressure holds valve V against its seat. Water in groove S water- 
seals’^ the seat and prevents air from being drawn into the condenser. 
In case the pressure in pipe B becomes greater than atmospheric it 
lifts valve V from its seat and is relieved. Piston P acts as a dashpot 
and prevents the valve from slamming. 

Fig. 524 shows a section through an atmospheric relief valve in which 
the weight of the valve is counterbalanced or even overbalanced by an 
adjustable weight and lever, thereby permitting the valve to open at 
or below atmospheric pressure, as may be desired. 

36 L Bedncing Valves. — It is often necessary to provide steam at 
different pressures in the same plant, as in the case of a combined 



power and heating plant. To effect this n^sult tlie rcuhu^tion in pre^s- 
surc is accomplished by passing the steam through a rvMudtig valoOf 
wliich is but an automatically operated throtl/lo valv(j. Tlunt^ are 
many different forms, ttnc operation of all being !)ase<l upoii the same 
general principles. 

In ihc's Kieley valve, Fig. 525, the low-prcHsuro steam acts upon the 
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top of flexible diaphragm D, and the weighted lever L (which may be 
adjusted to give the desired reduction in pressure) acts upon the other 
side. The movement of the diaphragm causes the balanced valve V 
at the upper end of the spindle to open or close, as may be necessary 
to maintain the desired lower pressure. Inertia weights T and C pre- 
vent chattering. 

Fig. 526 shows a section through a class G Foster pressure regulator 
or reducing valve. In operation, steam enters at A and passes through 
the main valve port H to the outlet B. Steam at initial pressure passes 
through port C to chamber P and thence to the top of piston T through 
port L, opening the main valve U. Steam at delivery pressure passes 
through E and raises the diaphragm V against the pressure of spring R, 
allowing spring W to close the auxiliary valve X. The pressure in 
chamber J is then equalized by the reduced pressure in ports G and 
the under side of piston X, and thus allows spring Y to close the main 
valve which is then hold to its scat by the initial pressure. Any re~ 
diudion in delivery pressure is transmitted to diaphragm F, and per- 
mil-s spring to opcm auxiliary valve X, thereby admitting steam to the 
top of piston T, as previously explained. The delivery pressure is 
adjusted by screw D; thus iticroasing the tension of spring R increases 
the dis(‘Jiiarge ])rcssure; and nice versa. The adjustment once made, 
lh(^ deliv(u*y pix^ssure will remain constant, regardless of any variable 
voluiiK^ of disc^harge or of the initial ])r(\ssure, so long as the latter is 
in (xcc^ss of tlui delivery pr(‘.ssure. W, Fig. 494, shows the application 
of a reducing valve to an ('xhaust stc^am heating system. Live steam 
is led to the valve through pipe A. It will be noted that the pipe 
kuuling frotti the valv(‘^ to lh(‘. hearing sysk^in is mudi larger than the 
lugh-pr(‘-ssure s\ipply pipe on account of ilie increase in volume of thc^ 
low-pressure stcuim. RrKludmg valvcvs shouhl always bo by-passed to 
permit o*f repairs wit,hout shutting down the systcuu. Caro should bo 
taken in not selecting too large a reducing valve, as the valve lift is 
very small a,nd th(^. larg(u* the valve th(^. less will be the lift for a given 
weight/ of flow an<l eonsecjuently the greater the wire drawing and 
erosion of th(‘< valves scjat. 

Foot Valves. WlHnuw(u* a hx\g coluinii of water is to moved 
in (uther siidion or ddivery piix^ it is customary to place a dmek valve 
n(* 4 i.r the'. 1ow(u* md of tlu^ eolumn to prevent the water from backing 
up when ihc‘. pump nwerses or slmts down. Tlu'. eh(H;k va/lve pkuKxl at 
tlic'. en<l of the sud/ion pipe is called xifoot valve. Any riundi valve may 
b(^ UHC^d m a foot valve, though pracd/it'/C limits the choica^ to thc^ disk 
or flap type as illustra.ted in Fig. 527. To pnwcudi uil)bisli from dc'.- 
stroying the acdioiq a strainer or H(5r('(m Is geiuwidly incorporated with 
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the body of the valve. A, Fig. 527, illustrates a single-flap^ B a multi- 
flap and C a disk valve composed of a nest of small rubber valves. The 
single-flap are usually made in sizes f to 6 inches, the multi-flap 7 to 
16 inches, and the disk valve in all commercial sizes from f to 36 inches. 





Pig. 527. Types of Foot Valves. 

For large sizes, 16 to 36 inches, the multi-disk valve is given preference, 
since a number of the disks may be disabled without destroying its 
operation. 

Blowoff Valves and Systems: Prac. Engr., July 1, 1916, p. 565. 

Steam Stop Valves — A Survey of the Field of Design: Sibley Jour., Apr .-May, 1915. 
Nonreturn Stop Valves: Power, Jan. 18-25, 1916, p. 72, 104. 

The Use and Abuse of Globe Valves: Power and Engr., Jan., 1909, p. 10. 

Gate Valves in Steam Pipe Lines: Power and Engr., Feb. 16, 1909, p. 320. 

Types of Check Valves and Their Operation: Power and Engr., July 6, 1909, p. 11. 


PROBLEMS. 

1. Steam at 200 lb. abs. pressure is conducted through a bare pipe 3 in. nominal 
diameter, 500 ft. long. If the temperature of the room is 80 deg. fahr. calculate the 
total heat loss per hour. 

2. If the pipe is covered with a single thickness of 'bSall-Mo Air Cell” d(‘t(u*mine 
the saving in heat. 

3. Determine the conductivity of the covering in Pi'oblem 2, per in<;h of i/hi(‘-kn(*srt. 

4. Determine the size of steam pipe suitable for a 10,000-kw. sticam turbine's using 
14 lb. steam per kw-hr., initial pressure 215 lb. abs., l)ack presHun^ 2 in. rnc'rcairy, 
superheat 125 deg. fahr., if the pipe is 150 foot long and the pressures dr{)p is not to 
exceed 2.0 lb, per sq. in. per 100 ft. 

5. Saturated steam at 125 lb. abs. initial pressure is flowing at the rai(^ of 20,000 
lb. per hr. through a standard 6-in. pipe, 2000 ft. long. (Calculate ih<5 profjable 
pressure drop. 

6. Determine the initial pressure necessary to deliver 400 gallons of watc^r 
minute through a 5-in. standard pipe 1500 ft. long, fitted with two right angle edbows 
and one globe valve. The water is to be discharged into an opcm tank. 

7. How many gallons of wat(ir will be discharged through a straight lengtli of 
64n, standard pipe 10,000 ft. long if the initial pressure is 100 ll). per sq. in., and what 
will 1)0 the pressure at tlie discharge end? 

8. Determine the number and siz(^ of safety valves for a 500-hp, boiler desigiUKl 
to operate at a maximum load of 300 per cent above rating; boiler pressure 250 lb. 
abs. 


CHAPTER XVI 


LUBRICANTS AND LUBRICATION 

S66. General. — The losses due to the friction of the working part 
of machinery include considerably more than the mere loss of power, 
namely, the depreciation resulting from wear of bearings, guides, and 
other rubbing surfaces, and the expense arising from accidents traceable 
to excessive friction. The power absorbed in overcoming friction varies 
with the type of plant and the character of machineiy and is seldom 
less than 5 per cent and often greater than 30 per cent of the total power 
developed. In large central stations these losses approximate 8 per cent 
and in weaving and spinning mills will average as high as 25 per cent. 
(Trans. A.S.M.E., G-465.) These figures refer to properly lubricated 
plants operating under normal conditions. The proper selection of 
lubricant is therefore a very important problem, since, besides the cost 
of the lubricant itself, the loss in power and in wear and tear to ma- 
chinery is no small item. A change of lubricant may frccpiently result 
in marked increase in economy of operation. Table 130 gives an idea 
of the saving effected in power by the proper selection of lubricants in a 
munber of mills. (Power, May 12, 1908, p. 752.) The net financial 
gain depcnids, of (50urse, upon tlie <5oslf of the oil. As a general rule a 10 
per cent redu(;tion in friction horsepower will more than equal the cost 
of lubricants for one year. The lubricants most,, commonly met with 
in power plant practice^ ar(^ c.onvcnicntly classified as oils, greases, and 
Holi<ls, and are of animal, mineral, or vegetable origin. 

Rejerence hooks: Archbuti and DcHilcy, Lubrication and Lubricatits; Kcnlwood 
LubricaixtH; W. M. Davis, Friction and Lubrication; Gill, Oil Analysis; 'Robinson, 
Gas and Pt^trolcum Engines; Thurston, Friction and Lost Work; Gill, Engine 
Room Chemistry. 

t167. VegetaMe Oils. ““•** Exc^ept for certain special purposes and for 
(compounding with mineral oils th('.se possc’iss lubricating properties of 
little praciticcal value, simee tlmy dcHcomposc^ at comparatively low tern- 
pcu’atures and htivo a tendency to become thick and gummy. The 
vegetables oils sometiineH employed are linseed, cottonscHnl, rape^., and 
castor. 

368. Animal Fats. — Many animal fats have greater lubricuiting 
power than pure mineral oils of corresponding viscosity but arc object- 
tionablo on acujount of their unstable chemi<‘.al compositiom They 
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decompose easily, especially in the presence of heat, and set free acids 
which attack metals. They are seldom used in the pure state and 
are usually compounded with mineral oils. The animal products used 
in this connection are tallow, neat^s-foot oil, lard, sperm, wool grease, 
and fish oil, the first named being the most important. In cylinder 
lubrication, especially in the presence of moisture, the addition of 2 to 
5 per cent of acidless tallow seems to make the oil adhere better to the 
metal surfaces and increases the lubricating effect, while the proportion 
is so small that ill effects from corrosion or gumming are scarcely per- 
ceptible. Animal and Vegetable Oils, Power, Nov. 3, 1914, p. 636. 

TABLE 130. 

EXAMPLES OF REDUCTION IN FRICTION DUE TO PROPER SELECTION OF 

LUBRICANTS. 


No. of 
TesG. 

Country. 

Plant. 

Mill Oils. 
Teat I. 

New Oils. 
Test II. 

Per Coni 
of Trans- 
mission to 
Full Load. 

Power 

Uoductiona. 

Full 
Load, 
i.ir p. 

Trans- 

niiaaion, 

I.H.P. 

Full 

Load, 

I.H.P, 

Trans- 
mission, 
LU P. 

Teat 

I. 

Test 

Jl. 

Full 

Load, 

Per 

Cent. 

Trans- 

mission, 

Per 

Cent, 

1 

America 

Cotton 

.543 21 

192,70 

481.75 

168.00 

35.4 

35,0 

11.31 

12.35 

2lA 



611.60 


596.30 




2.50 


B 



702.90 


648,70 




7.80 


3 



786.00 


758 00 




3.50 


4 A 

England. 

Cotton 

1408 60 

356 00 

1301.80 

319 30 

25.3 

24.5 

7 60 

10.30. 

B 

England 

Cotton 

1428.40 

357.90 

1358.70 

348.90 

25.0 

25.7 

4.90 

2.50'* 

5 

England , . . 

Worsted 

348.10 

111 10 

327.50 

99 50 

31.9 

30.4 

5.90 

10.40 

6 

England 

Weaving ... . 

495 00 

146.60 

453.60 

127.50 

29,0 

28.1 

8 40 

13.00 

7 

Ireland 

Linen 

110.70 

49.90 

93.10 

38.60 

45.0 

41.4 

15.90 

22.70 

8 A 

Scotland . . . , 

Woolen 

177.70 

61.80 

164 60 

50.10 

34.7 

34.0 

7.40 

9,20 

B 

Scotland , ... 

Woolen., . . 

325.10 

161.40 

293,50 

147.30 

49.0 

50.2 

9 70 

8.70 

9 

Gel many 

Cotton , , . 

203.41 

114.03 

239.35 

97.11 

43.2 

40.5 

9,10 

14.80 

10 A 

Germany., . 

Worst eel , . 

341.36 

I 118.24 

290.53 

95.67 

31.7 

32.9 

14.90 

19.10 

B 

Germany 

Worsted 

341.36 

141.29 

209.30 

110.28 

41.3 

39 H 

12.30 

15,57.{: 

11 

Germany . . 

Jute 

1135.20 

302.00 

4034.20 

328.10 

31.0 

31.7 

8. 89 

9,51 

12 

Ruhmiu ... ... 

CvOt ton 

1238.80 


1009.10 




13.70 


13 ' 

India 

Cotton 

642 60 

230.76 

596.80 

202.20 

35.9 

'aa’.i)’ 

7.10 

12.40 

14 

Japan 

Cotton 

346.60 


313.60 




9.50 


15 

IndLa,. . , . . . . 

Flour 

364.70 


336 80 




7.70 


10 

England. . . . 

Paper. , 

465.40 


390.40 




16.20 


17 

Germany 

f*up(5r 

511.37 


482,43 




5.60 


18 

Englunil 

BruHH shop 

6.74x 

’“i.77x 

5 12x 

i 53 r 

'26' 2* 

' 29 ’i' 

24.00 

' ‘isjo" 

19 

England 

Iron Hliop... . . . 

137.80 

74.90 

116.00 

68.10 

54.3 

58.7 

15.80 

9.10 

20 

England. . . . , , 

Wood Hhop, . . . 

84.00 

31.60 

65.30 

25.40 

i 37.6 

38.8 

22,30 

19.60 


* Samo oil after nine nionCha’ use. t Not lull load of mill. t Morning load. 
z w Electrical units. 


3^9. Mineral Oils, — These arc all produ<its of (UTide petrolcnim and 
form by far the greater part of all lubricants, d'hoy presont a wid(*.r 
range of lul)ri(;ating })roperii('!S than thpHO derived from animal or 
vcg(^<iabl(^ sourc^es, the thinnest being more fluid than sperm and tlic 
lhick(^.si^ mon^ vis(H)UH tlian fats and tallows. They are not (Easily oxi- 
di^5(Hl, do not, d(H*,ompose, h(‘com(5 rancid, or contain acids. 

Mineral luliricalion oils may bo clasBified as 
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(1) Distilled oils, which are produced hj distillation from crude 
petroleum and made pale, amber colored, and transparent by treatment 
with acid and alkali. 

(2) Natural oils, which are prepared from crude petroleum, from 
which grit, suspended and tarry impurities have been removed. They 
arc dark and opaque and are rich in lubricating properties. 

(3) Reduced oils, or heavy natural oils, from which the lighter hydro- 
cai'bons have been evaporated and from which the tarry residue has 
been removed by j&ltration. 

Solid Lubricants. — Dry graphite, soapstone, and mica are some- 
times used as lubricants, though they are usually mixed with grease or 
oils. They cannot easily be squeezed or scraped from between the sur- 
faces, and are consequently suitable where very great weights have to 
be carried on small areas and when the speed of rubbing is not high. 
The coefiftcient of friction of such lubricants is high, and when economy 
of power is essential better results may be secured by the use of liber- 
ally proportioned rubbing surfaces and liquid lubricants. Under certain 
conditions of pressure and speed these lubricants will sustain, without 
injury to the surfaces, pressures under which no liquid would work. 

J)ropa PfOBB. 
per M. Lbi). p«r 

pi 

AatodyHndor>OiUal«no) « 411 



Tlmo in Minntow 

Fio. 528. T(!8tH of tfriiphito Mixcnl with ViirionH Luhricanta. 

BttflodcultiiitMl gniphU.(^ HUKpotuU^d in oil or water, and deHignato.d com- 
moroially tut "oihlag" and “iupualag’' rewpcctively, Ih finding favor 
with many enginecrH. (ir!iphit.(‘. in t,hiH dtifloc.cidattKl condilfon remains 
HUHiKHtded indefinitely in wiifctu’ timl oil, nuulily iulherow to the journal, 
hiiH gnait wearing properties, tind is easily applied to the wtniring sur- 
factis. From mmic’irous tuul long-ttontinued trials it appears that 0.85 
per (!cnt s(trv(‘.s .'wkiciuately for till purjtoses. Tcani)oraturo curves of 
deflocculaittd graphite iu (iombinatiou with various csirrying fluid.8 are 
given in Fig. 528. For furt,h(>,r data pertaining to the curves in' Fig. 528 
and for an extensivts disctission oa the subject of lubrication (tonsult Lvr 
bricMion awl huhricabing, by (I F\ Maborg, Jour. A.S.M,E., Fob. and 
May, 1910. 
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37§, Greases. — Under this name may be included the various com- 
pounds which consist of oils and fats thickened with sufficient soap to 
form, at ordinary temperatures, a more or less solid grease. Those 
usually employed are lime, soda, or lead soaps, made with various fats 
and oils. ''Engine'' greases are thickened with a soap made from 
tallow or lard oil and caustic soda, and often contain neat's-foot oil, 
beeswax, and the like. For exceptionally heavy pressures, graphite, 
soapstone, and mica are sometimes added to the grease. Table 131 
gives an idea of the characteristics of a number of greases. (Prac. 
Engineer, U. S., Apr. 1911, p. 293.) The friction tests were made on 
a small Thurston oil testing machine, 320 r.p.m. and bearing pressure 
of 240 pounds per square inch of projected area. These results are 
purely comparative under the given conditions of rubbing surfaces, 
speed and pressure. For results of these greases tested on a large 
Olsen oil machine consult reference given above. 

Commercial Lubricating Greases: Prac. Engineer, U. S., Apr., 1911, ]). 203; Tests 
oj Grease Lubrication, Ibid., p. 295; Am. Mach., Aug. 24, 1011, p. 356; Power, Nov. 
8, 1910, p. 1998. 


TABLE 131. 


LUBRICATING CHARACTERISTICS OF A NUMBER OF GREASES. 


Type. 

Class. 

Mel tins 
Pomfc, 
Deg.F. ^ 

Per Cent 
Soap. 

Kind of 
Soap. 

Per Cent 
Free Acid 
as Oleie. 

Average 

Cooflicjont 

Friction* 

A Mineral 

Summer 

167 

38 

lamo 

Trace 

^ 0,075 

B Mineral 

Summer 

178 

20 

Lime 

0.3 

0,054 

G Mineral 

Winter 

165 

23 

Lime 

6.1 

0 003 

D Mineral 

Winter 

163 

16 

Lime 

0 

0.057 

iS?" Mineral 

Winter 

142 

10 

lame 

Trace 

0.046 

/^Tallow No. 3... 

Winter 

125 

1.4 

Potash 

0 

0.022 

G Tallow No. XX 

Summer 

120 

2.1 

Potash 

0 

0.029 

H Lard oil 


41 

0 



O.OU, 






.. 



Type. 


4 Mineral 

li Mineral 

(J Mineral 

D Mineral 

E Mineral 

/^’Tallow No. 3. , 
a Tallow No. XX 
U laird oil 


Finul Coofliniont 
Frioliun After 
3-Ur. Run. 

Maxirnuai Temper- 
ature of Bearing 
Above that of 
Room, DogH. K 

Fmnl Temperature 
of Bearing Above 
that of licMHo at 
End of 3- Ur. Run, 
Ihm- E. 

0.075 

70 

68 

0.050 

70 

58 

0 063 

76 

65 

0.054 

69 

58 

0.046 

68 

50 

0.012 

38 

18 

0.018 

45 

32 

0.010 

13 

12 



LUBRICANTS AND LUBRICATION 


781 


371. Qualifications of Good Lubricants. — A good lubricant should 
possess the following qualities: 

(1) Sufiicient “body^’ to prevent the surfaces from coming into con- 
tact under conditions of maximum pressure. 

(2) Capacity for absorbing and carrying away heat. 

(3) Low coefficient of friction. 

(4) Maximum fluidity consistent with the “body^’ required. 

(5) Freedom from any tendency to oxidize or gum. 

(6) A high ^ffiash point’’ or temperature of vaporization and a low 
congealing or ''freezing point.” 

(7) Freedom from corrosive acids of either metallic or animal origin. 

37^. Testing Lubricating Oils. — There is no question but that the 
lubricant best suited for a given set of conditions can only be determined 
by an actual practical test under service conditions. Each plant is 
an individual problem since certain grades and qualities of oil which 
work perfectly in some cases have proved entirely unsatisfactory in 
others where the conditions appeared to be exactly the same. Neverthe- 
less, in order to avoid needless experiment and to limit the number of 
accjcptable lubricants to a minimum it is desirable to know certain 
(diaraci/cristics which will indi(^ato whether or not the particular lu- 
bric^ani. under consideraUon Is unfitted for the desired service. The small 
(X)nsunier must depend upon the reputation of the concern from which 
lie. is buying for reliable data pert/aining to the qualifications of their 
products, siiuse the cost; of conducting a scries of preliminary or identi- 
fu^ai/ion iest/s is out of all proportion to tiie actual cost of the lubricant. 
The larg(‘. (‘.onsurner on the other ha.nd may find it to be worth while 
(lO conduct, an elaborate scries of t,ests before drawing up contracts for 
t,h(^. oil supply. 

Tlu^ (iompkdn tx'st of an oil consists of three parts: Chemical, physi- 
cal, and practical 

373. </bemIcal Tests of Lubricating Oils. — To . pass the (diemical 
licsts of t,h(^ Navy Dc^partmemt "all oils should he neutral in. reaction 
a.n(l should not show the presence of moist, ure, mathu* insoluble in 
petroleum etlier (Inml asphalt), matter insoluble in ether alcohol 
(soft asphalt), fre(^ sulphur, charring or wax-lik<^ constituents, naphthenic 
jicids, sulphonat(Hl oils, soap, resin or tarry constituents, the presence 
of which iu(li(‘,at(^H adult, ('.ration or lack of propc^r refining, Excc'tpt in 
oil for engiiu^s without forc(ul lubrication, no traces of fixed oils (animal 
or vegetable fats) should be found 

♦ Luhriealing Oik. Titait, J. L. KaulTman, TJ.B.N., Jour, Ata. Boc. Naval EngrB., 
Aug., 1910, p, 692. 
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“In lubricating oil for main engines without forced lubrication, 
approved fixed oils, such as rapeseed, olive, tallow, lard and neat’s-foot 
oil, may be used. When the foregoing fixed oils are used, they must 
be well refined with alkalies, unadulterated, containing a minimum of 
free fatty acids, with no moisture or gumming constituents. Olive 
oil should not have a high specific gravity. If satisfactory emulsifying 
results can be obtained with straight mineral oils on engines without 
forced lubrication, they may be submitted for service test.’’ 

The most satisfactory procedure is to have the various tests made 
by a competent chemist but since a number of plants are provided with 
the necessary equipment the tests stipulated by the Navy Department, 
and which are representative of current commercial practice, will be 
described in a general way. 

Moisture. — Heat 3 to 4 cc. in a test tube (the walls of which have 
been thoroughly wet with oil) in a bath of liquid paraffin up to 300 
deg. fahr. Oils containing water will form emulsions on the walls and 
cause foaming and spluttering. A test is also made with a mixture 
of oil and eosin to determine faint traces of moisture by changes of color. 
The presence of moisture is particularly " undesirable in transformer 
oils, but there is, danger of its forming objectionable emulsions in any 
straight mineral oil. 

Sulphur. — Boil about 50 cc. of oil with a piece of bright metallic 
sodium for half an hour; add water, heat and stir until the sodium is 
dissolved; " pour off the water and lost t.he remainder witli a fresh 1 
per cent solution of sodium nitroprusside. If th(^ mixture turns 
violet color, the oil contains sulphur. When sulphur is found, an 
additional test for sulphonated oils is made. 

Acids or Alkalies. — Heat for one-half hour with frecpKuit stirring 
25 cc. of oil and 50 cc. of ncutm.l distilknl water. T(^st a. few cubic 
centimeters of the mixture first with methyl-orange 1.0 dcd.ormim^ ilxo 
acids, and another portion with ])henolphthalcin for the, d(d/(n*mination 
of alkalies. Acids and alkalies cause emulsions. Atuds also c;auso 
corrosion of journals and other metal parts. 

Matter ImoluUe in Ether Alcohol. — 11 cc, of oil imd 1.4 C(^. of 

ether alcohol (8 parts ether and 0 parts alcohol). Aftc-r starwling 12 
hours, note the precupitatc^,, if any, at the boii-om of cylinder. Tlu^ 
precipitate will bo asphalt, and even a tra(;(i would make (be oil un- 
desirable as a lubricant. Asphalt would cause scoring of journals and 
clogging of oil liruvs. 

Matter Insoluble in High-grade Gasoline. — Hluiko 2 cc. of oil and 
about 300 (*.c. of high-gnuk^. gasoline (8(mB8 lbium6 gravity). Af(-er 
s(4mcling 12 liours, note precipitate, if any, in th<^ bottom of glass. 
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The precipitate will be soft asphalt or carbon particles, and a slight 
trace would make the oil undesirable. 

Tarry or Suspended Matter. — Same as the foregoing, except using 
5 cc. of oil and 95 cc. of gasoline and allowing it to stand for half an hour; 
then examine deposit, if any, for dirt or tarry matter. 

To Detect Fixed Oils. — Heat 10 cc. of oil with a small piece of metal- 
lic sodium. If the mixture becomes gelatinized or a semisolid, it in- 
dicates the presence of fixed oils. If an equal volume of oil is heated 
alone to the same temperature, the viscosity of the two samples can be 
compared; if the oil contains fixed oils (animal or vegetable oils), the 
sample with sodium will be much heavier than the sample heated alone. 

Effect of Heat. — Heat 5 cc. of oil in test tube over flame until vapors 
arc evolved and compare the color of the heated oil with that of unheated 
oils. If the heated oil turns black, it shows the presence of undesirable 
carbon or hydrocarbons. 

Gumming Test^ — This is particularly applicable to petroleum oils 
aud is used t ;0 indicate the extent to which the oil has been refined. It 
s<uv('-s indirectly to indicate the extent to which the oil may be expected 
tiO ({hangx'i due tiO oxidation when in use. Numerous opportunitie-s have 
been offered to check the results obtained with ibis tost and results ob- 
i»aiiuHl in pra-ctic('- with the same oils, and all of this experience tends to 
show ibe great- value of the gumming test. 

lliis is mad(^ by put/iing a small quantity of the oil to bo tested 
in ii small glass vessel, such as a cordial glass, and then mixing with it 
a, II (X|ual (lua-niity of nitrosulphuric acid. A properly refiiuxl oil will 
show lit4/le, if any, change, but a poorly refined oil will be indicated by 
t-lu^ separation of large (quantities of mahuial of dark color. This color 
is du(^ tio tlu^ oxidation of the tarry matter (^ouUiitKxl in the lubricant. 
Kxpericauu'. lias shown that- oils containing hirge percentages of tar ab- 
sorb t-lie most oxygen, (bat is, they are tnihlly (hying oils. 

The r(\suIt-H obtained by the gumming tost agree well with (iarbon- 
nwduc'. t(*<sts made by distilling to dryness in a glass or a fuse^d (quartz 
flask. Th(^ (‘.arhon-insiduc^ test has been found of great assistance in 
(boosing a sat-isfaefl-ory (ylinder lubricant for gas (mgines, as a large 
a, mount of carbon means trouble in the (‘.ngiuc cylind(u\ The lowest 
(carbon content, mentioned by the author was 0.11 qier (;ent. The oil 
giving this k^st showed no tariy mattrer wlurn tested with nitrosulphuric 
arid. In, general, a gas-engine oil should not coniabi morc’i than 0.5 
per (jont (?arbon as determined by the (arbon-revsidue teat. 

mL Physical Tests of Lubricating Oils. ■— The physical characteris- 
t-ics usually involve (1) color; (2) odor; (3) specific gravity; (4) flash 


Prof. A, H. Gill 
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point; (5) fire point; (6) cold point; (7) viscosity; (8) emulsion; 
(9) evaporation; and (10) friction. The following tests, unless other- 
wise indicated, refer specifically to the requirements of the Navy De- 
partment which, as previously stated, are representative of current 
commercial practice. 

CoZor. — The color, although having no influence on the lubricating 
value, maybe used to identify the sample. American oils fluoiescc with 
a grass-green color. Russian oils have a blue sheen; oils containing 
distillation residues and uufiltered oils are brown to green-black in 
reflected light. Nearly all mineral machinery oils are distilled and 
filtered to some extent and are transparent in a test tube, the colors 
ranging from a yellowish white to a blood red. The colot may be 
determined in a tinctometor by comparing with differcnNcolorcd 
glasses or lenses. These glasses are numbered and for machinery oil 
extend from No. 1 (white) to No. 6 (red). 

Odor. — The odor may be determined by heating in a test tube or 
by rubbing on the hand, by which means fatty oils, coal tar, rosin oils, 
etc., may be detected. 

Specific Gravity. — The specific gravity is obtained by the use of the 
“pyknometer,” this term .signifying any vessel in which an a<!(iural,ely 
measured volume of liquid can bo weighed. The bottle is first, filktd 
with distilled water at a temperature of OO deg. fahr., and tbc weight 
of the water determined. The bottle is then filled with oil at, ii kunpeu-a- 
ture of 60 deg. fahr. and the weight of the oil determined. The weight 
of the oil divided by the weight of iho. wa1,er gives t,h(i specific gravity at 
60 deg. fahr. The Baum6 gravity i.s obt,ained by using t,he Baumd 
hydrometer, which is sim[)ly an ortlinary hydrometer with ii (Xirtain iirbi- 
trary scale. Baumd gravity may be convert, ( hI into specific! gravity by 
t,he following formula: 140 

Baumci gravity is largely used in conunccreial praci,ico. 

The specific gravity dexw not affect tlu! lubricuating value of an oil, 
but indicates to the cxperie.nc(!d oil nnin thc'. localil.y from whicih t,h(! crude 
oil is ebtained. For inst,anco, the specific gravities of the lubricat.ing 
oils t(!stod at the Ex()eriment Station vary from 0.864 to 0,945. A 
Baum6 gravity of 32 corresponds to a specific gravity of 0.864, and a 
Baumd gravity of 18.1 to a specific gravity of 0.945, so that an im(rea,He 
in specific gravity is a decrease in Baumd gravity. The, parairm-bnH(' 
oils of Pennsylvania d(!riva(,ion have an average specific gravity of 
0.875 wit.li a corresponding Bauind gravity of 30. Tlic asphaltic-basc! 
oils from flVixas and (California have an av(!rag(! specific gravity of 
0.930 with a corresponding Baum6 gravity of 20. 
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TABLE 132. 

SPECIFIC GRAVITY AND GRAVITY BAUME OF A NUMBER OF LUBRICANTS. 



Specific Grav- 
ity. 

Gravity 
Baum (5. 

Flash Test. 
Degrees F. 

Water 

1.000 

10 


Cylinder oil 

.9090 

24.5 

575 

Cylinder oil 

.8974 

26 

540 

Heavy engine oil 

.9032' 

25.5 

411 

Medium engine oil * 

.9090 

24 

382 

Light engine oil 

.8917 

27 

342 

Castor machine oil 

.8919 

27 

324 

Lard oil 

.9175 

23 

505 

Sperm oil 

.8815 

29 

478 

Tallow oil 

.9080 

24.5 

540 

Cottonseed oil 

.9210 

1 22 

618 

Linseed oil 

.9299 

i 19 

505 

Pjn.Ht.rkr m'l fnnrD'l ! 

.9639 

15 


Palm oil .M. 

.9046 

25 

405 

oil 

.9155 

23 


Spindle oil 

.8588 

33 

312 


Fluifh Point. — The (liish iioiut is dcicrmiiiecl with i)oth the Clevcliuid 
open (!up niul t.h(' IVnsky-Mariiti (dosed cnip. The Hash point of all 
oils is detc'.nniTK'-d as a measiire of thtdr volatility. The flash point of 
st(!aiu-cylin(ku' oils is of priinaiy iniiiortaueo, tlu( rocpiircd flash point 
(k^pcfuding on the tcanpc'.rat.ure of the. stc^ani at the (aigine. With In- 
hrieatfing oils for Ixuuings tlui fla.sh point is iinportanti only in that it 
indi((aii(w tiK*. volatility of tlm oils and th<( ])r((H(nu)c of kerosi'nc^ or naph- 
tha fractions, with the accompanying fire risks. In the case of vcjry low 
flash-point hil)n(!ating oils, it is desirahlci to run a spc'.cial distillation 
or volatility test, nuudioimd under (dieini((al tc'strs. Tlui flash point 
(kitormiiuxl with the opcni c.up is higlKU- than wit,h tiie (iosed (!ui>, as 
the iuflainniahle gasc^s on the surface ol t,hc oil are. distfUrlKnl by tihe air 
(Hirninls in tiie opc'u (uip. Th('.se diffeionccw rang('. from 5 dc(g. to 40 deg. 
with tiui av((rag(( at, 20 (h'g. The pn^scmcc'. of veuy light, ends (kero.s(UUi, 
naphl.ha, (fU;.) may iiuux^ase this dilTcr((nc.('. to lt)0 (k(g. 

Fire Point. ■ - lids is the hnnpc'.raturc', at which th(( oil burns and is 
(kdernuiu'd by raising th(( Wmpiuatun'. about fl (h^g. a minute, applying 
the fla,m(( for about a scHiond. Th('. fire, or burtung, point is from ,30 deg. 
to or. deg. higlHU- than the fla,sh point with all lubricating oils, the light 
oils having a diffcnmwi of about 40 deg. 

Paid Point. -Mineral oils luHtome more viscanis on cooling, and 
finally solidify. In lubricating oils rcifined from paraffin-base crudes, 
e,ooling first causew tlw* paraffin partick's to solidify, which giv(‘H the 
oil a cloudy appcairancc.; with this (lass of oils this changti is known as 
the cloud point. 
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The Committee on Lubricants of the American Society for Testing 
Materials uses the words “cold test’^ as a general terin, with subheads 
of “cloud test” and “pour test.” The method recommended by this 
committee is used at the Experiment Station, and in substance is as fol- 
lows: Heat the oil to 150 deg. fahr. and cool by air to 75 deg. fahr. 
Take a bottle about 1 J in. inside diameter and 4 to 5 in. high and pour 
in oil to a height of IJ in. from the bottom. Insert a cold-test ther- 
mometer (specially made, using colored alcohol, and with a long l)ulb) 
through a tight-fitting cork. A special jacket is used having an inside 
diameter about -2 inch larger than the bottle. Ice or any other cooling 
medium is packed around this jacket. When the oil is near the expected 
cloud point, at every 2 deg. drop in temperature remove the bottle and 
inspect the oil, being careful not to disturb the oil. When the lower 
half becomes opaque, read the thermometer; this reading is taken as 
the cloud point. The cold, or pour, test is simply a continuation of 
the cloud test, except that the temperature is notod every 5 dog. and 
the bottle tilted till the oil flows. When the oil l)e(‘onu^s solid and will 
not flow, the previous 5-deg. point is taken as th(^ (jold point of the oil. 

Viscosity. — The viscosity of a lubricating oil is tlio most important 
factor to be determined. The viscosity of an oil is invcu’scly propor- 
tional to its fluidity and is a measure of its internal friction or resistance 
to flow. Viscosity is sometimes called “body” a.nd is d(d.ermined by 
a viscosimeter. There are a number of diffenuit* instrumentis for this 
purpose but no recognized stamlard instrument or nu^tiiod, so tliat 
“viscosity” conveys no meaning unless the name of tlu^ insi^runumt, 
the temperature, and the amount of oil tfCsted arc', givcui. N(',arly all 
instruments are of the orifuje type; that, is, tiu^ vis(H)sity of an oil is 
taken as the number of secionds rcnpiired for a givcm atnount to flow 
through an orificje at a given temperature. By “speerrfic', vis('X)siiy” is 
meant the ratio of the time required for the oil to run out t^o that of an 
equal quantity of water at 60 deg. fahr. Thc^ visc,oshy of caiginc oils 
is usually taken at 100 to 130 deg, fahr. and of cyliudcu’ oils at 210 deg. 
fahr. The absolute viscosity is determined from tlie amount flowing 
through capillary tubes, the results hcdtig given in (b CJ. B. units. The 
determination of the absolute viscosity is a very {liflicnilt opcu’ation 
requiring eompk^x apparatus and a redativedy long irmu^ Bevcuid ab- 
solute viscosimeters liave been invented; but t-o date none of iherti is 
considered pnudical enough for the routine testing of oil. 

The accepted tlicory advanc'ud by Ubhelohdc * is tliat tiu', alisohito 
viscosity is direcdly proportional to the internal fricjiion of t;hc lu- 
l)ricant, and that thc^ viscosity is a direct indication of the friction 

* Gcnc^ral Rewiew, November, 1915. 
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developed in a bearing. If Ubhelohde’s conclusion is substantiated 
a very great advance will have been made and it will be possible to 
duplicate any friction results by duplicating the viscosity of the lubri- 
cant. 

In general, the lower the viscosity the lower will be the friction, 
but since the rubbing surfaces should have as much lubricant between 
them as possible it is necessary to have sufficient viscosity to prevent 
iliem from “seizing.” Under normal conditions of bearing lubrication 
the lightest oil that will prevent seizing should be used to obtain a 
minimum frictional loss. 

Visajsity and its Relation to Lubricating Values: Power, Jan. 11, 1916, p. 37. 

Emuhion Tests. — Emulsion tests are made on all straight mineral 
oils except cylinder oils. Four emulsion runs arc made, using 40 cc. of 
oil in each case and (a) 40 cc. of distilled water; (h) 40 cc. of salt water; 
(c) 40 cc. of normal caustic-soda solution; (d) 40 cc. of boiling distilled 
Wilier. The mixlAire is stirred with n paddle for five minutes iii 1500 
ixwolutions i)er minute and is kept at n tempeniture of 130 deg. fahr. 
during tlio stirring and while sepiiniting. On oils used with forced 
lubri{5}iUon or on icje machines, the oil must completdy sepiiratc from 
the mixture in less than 20 minutes. The emulsion is made with dis- 
liilled iind siiHi wiiter, iind ii nonmil caustic-socli solution is idso tnken, 
as there is a possibility of water con(»aining Ixnler compound gelling into 
the system. Boiling distilled water is used in case gland steam or 
waiter runs into the oil system. These emulsion tests are (x)nsi<lered of 
tlie gnxik^st importan(‘.c, as an oil on any type of fenced lubrication sys- 
tem must not emulsify. If emulsions do occur, it will mean clogging of 
th(^ oil lities, forming of residues in the base of tlie bearings, with a re- 
sultant loss of a large amounl. of oil. 

Evaporation Tests. - -It is advisable to include an (waporation tost 
with tlu^ flasli tc^st of lul)ri(xints. The evaporation test is made l)y 
(exposing alK)ut- 0.2 gram of oil at a proper temperature and <l(lermimng 
tlie loss by w(‘ight in a given time. 

FricMon ~ Th('< (XK^ficieut of friction as dekn’mined from fric- 
(,iou-Uvsting mariiim^s is usdul in obiaitiing a comparison of oils under 
thc^ test (X)n(litionH, but gives little information concerning th(‘. action of 
tlu^. oil imdm* the widely diffiu’ent conditions found in a.ctual practice. 

1\hlc^ I33 givers ih(^ physi(*.al properties of a number of lubriixitiug 
oils, with thdr particular fidds of appli(‘.aiion. 

♦171. Tests. -- Thom t^i^sts are iho real proof of tiu^ cximmcrcial 

value of ih(^ lubricant for a given sinwicxu The lubrica.nt is hasted 
umler actaial operating (jouditions and that one sckxdvd which giv(\s 
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TABLE 133. 

PHYSICAL CHAHACTERISTICS OF A NUMBER OF LUBRICANTS. 


{Power, December, 1905, p 750) 


Kind of Oil 

Use and Adaptation. 

Gravity, 

Degrees. 

Cold Test, 
Degrees. 

Flash Test, 
Degrees. 

Fire Test, 
Degrees. 

Viscosity 
at 70 De- 
grees. 

High-pressure cylinder 
oil. 

For steam cylinders using dry 
steam at pressures from 110 
to 210 pounds. 

25 

to 

24.. n 

SO 

600 

to 

GIO 

645 

to 

660 

175 

to 

205 

General cylinder oil . . 

For steam cylinders using di-y 
steam at 75 to 100 pounds. 
For air compressor cylinders 
when made from steam-re- 
fined mineral stock and when 
viscosity is 200. 

26 

to 

25 . 5 

30 

550 

to 

585 

600 

to 

630 

180 

to 

190 

Wet cylinder oil. 
(Remark 1.) 

For use where the steam is moist, 
especially in compound and 
triple expansion engines. 

25.8 

to 

25.3 

2G.5 

30 

500 

to 

585 

600 

to 

630 

350 

150 

to 

3 85 

Gas engine cylinder oil 
(Remark 2.) 

B'or gas engine cylinders. N eu- 
tral mineral oil compounded 
with an insoluble soap to give 
body. 

30 

320 

300 

Automobile gas engine 
oil (Remark 3.) 

For automobile gas engines and 
similar work. 

29.5 

30 

430 

400 

485 

440 

to 

450 

'" 450 ”’ 

to 

470 

44f) 

195 

Heavy engine and 
machinery oils. 

For heavy slides ami btiarings, 
shafting, and horizontal sur- 
faces. 

30 5 
to 
29.5 

30 . 8 
to 

30 

30 

__ 

to 

195 

General engine and 
• machine oils. 

For high-speed dynamos and 
machines. 

30 

400 

to 

420 

400 

to 

420 

200 

175 

to 

190 

Fine and light machine 
oils. 

For lino work, from printing 
presses to sewing machnwjs 
and typewriter oils. Witli a 
cold test of 25® to 28® ami a 
viscosity of 1 40® this inak<‘.s 
an excellent spindle oil 

32.5 

to 

30.2 

30 

no 

to 

160 

Cutting and heat dis- 
sipating oils. 
(Remark ^1.) 

For cutting tools, screw cutting 
and similar work. 

27 
to . 
23 

30 

to 

4 HO 

475 

'^s’hT" 

to 

175 

1 05 

230 

Refrigerating oils 

For i<;c machimiry 

30.2 

0 

Wet service and imirino 
oils. (Remark 4.) 

For marine siTvici*, or w\u*m a 
great deal of moistun*. must 
be handled. 

28 

30 

430 

Greases. ' 

They are nsed in siwcial work 
and for heavy pressures mov- 
ing at slow vclociti^^s. 







Uemark 1. — May contain not over 2 to 6 per cent of roaTWHl midiim tallow oil in 
prcHaurc oils and not ov<t 0 I.o 12 p(‘r cent in tlw^ low-proHHuro oiln. 

Remark 2. — The n'uwon for mltig an insoluhlo aoap «uoli m okido of {durnintim k i\m It 
is Impossible to decornriowi the soap with a hRdi heat; the soap, althmadi not a lubricant, i« n 
vehicle for carryluf?: Homes oil. 

iRjrnark 3. — *• to a lack of body, this oil will not inhtrfcro with the sparklntf l)v depoi* 

Itini? carbon on the platinum point. ^ 

Eomark 4, — May contain 30 to 40 per mtii of pure strained Iwd oil 
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the best overall economy, such factors as first cost, quantity used, effect 
on the rubbing surfaces, maintenance and attendance being taken into 
consideration. Having determined the particular grade of lubricant 
which gives the best returns the tests previously mentioned are made 
and the results incorporated in the specifications so as to insure delivery 
of that particular grade of lubricant. Large consumers frequently 
employ the services of an experienced lubricating engineer under the 
supervision of the plant engineer or millwright for determining the 
lubricant best suited for the different classes of machinery. 

Teding of Lubricating Oils: Power, Apr. 13, 1915, p 522. 

376. Atmospheric Surface Lubrication. — In a general sense all jour- 
nals, slides, and “atmospheric'^ surfaces should be lubricated with 
straight mineral oils (as free from paraffin as possible), except when in 
contact with considerable water, in which case it is advisable to add 
20 to 30 per cent of lard oil. Vcgei/ablc oils, paraffin oils, and animal 
oils (excepts lard oil as above stated) arc not recommended for general 
(mgine and dynamo service. The test requirements of a number of 
classes of lul)rica,nts arc outlined in Ta})lc 133 and represent current 
practice. Bearings, guides, and all external rubbing surfa(ies may be 
lul)ricatod in a numl^er of ways. (1) They may be given an mkr- 
mittent application of oil, as, for example, with an oil can; (2) they may 
be oquipp(xl wit-h oil cups with rcdrickd raiics of feed; and (3) they 
may ho flooded with oil. Tho relative lubricaiiing values of the systems 
liave been estimated approximately as follows (Power, December, 1905, 
p.750): 



Oo(aiici(jnt o£ Fric- 
tion. 

Comparative 

Value. 

I ntomiiltcnt. 

0.01 and groaior 
0.01 to 0.012 

72 and less 

Ii(?Hirictcd feed 

79 to 86 

Ploodcsd bearing 

0.00109 

100 



377. Iiitermitieut Feed. * Iut(nanit.t>ent applications arc ordinarily 
limited to small journals, pins, and guides which are subject to light 
prcvsHurc^s an<l which, do not easily pen-mit of oil or grease carps, as, for 
(example, parts of ihc! valvc' gcatr of a ( -orliss caigiim, governors, and link 
work. On account of thc^. labor atiachcHl and thc' frexpumt doul)t irbout 
th(^ oil naiching the*, wcairing surfacc^s this mchihod of lubricartion ia 
limited as muc^h as possible cvcai in the smallest f)lants. 

37H. Eestrleted Feed- - In, tlu^. nvomiio power plants iho major par! 
of ih(^ luluicaition is cdTcwted l)y meaim of oil carps whi(‘h arc*, filled at 
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intervals by hand or by mechanical means, the oil being fed from the 
cup by drops, according to the requirements. 

379. Oil Bath. — In large power plants the principal journals and 

wearing parts are supplied with a 
continuous flow of oil which com- 
pletely “floods” the rubbing sur- 
faces. The oil is forced to the vari- 
ous parts either by gravity from an 
elevated tank or by pressure from 
a pump. After the oil leaves the 
bearings it flows into collecting 
pans, thence into a receiving and 
filtering tank, and finally is pumped 
back into an elevated reservoir and 
used over and over again. The 
little lost by leakage and deprccia- 
tioir is replenished by the addition 
Fig. 529. Oil-cup Lubrication, of new oil to the system. 

Hand-filled. q,, ^ups. _ Fig. 529 illus- 

trates the application of sight-feed oil cups to the crosshcad and slides 
of a reciprocating engine. The oil is fed into the cups by hand and 
gravitates to the rubbing surfaces, the rate of flow being regulated by 





530. Nug<*nt’H TfiloMcopic Oili'r, 

a needle valve. Oups A and li feed directly to th(^ cirosshead giiidcH, 
but the oil from cuj) !) flows to the bottom orifice 0, from whicih it is 
wiped by a metallic wick ti, and carried by gravity to the wrist pin, 
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Fkj. 531. Oil-ring Lu})nciitioii. 


S81. Telescope Oiler, — Fig. 530 shows the application of a telescopic 
oiler to a crosshead and guides. 0 and C are sight-feed oil cups, the 
former feeding directly to the top guide through the tube S. The oil 
from C flows by gravity through the swing Joint into the telescopic tubes 
P, R, and thence to the pin through the lower swing joint as indicated. 
As the crosshead moves back and 
forth, the pipe P slides into and 
out of pipe P, the oil being thus 
conducted directly to the pin with- 
out wasting. A device of this type 
installed on a high-speed automatic 
engine at the Armour Institute of 
Technology has been in operation 
for five years without cost for re- 
pair or renewal. 

38^. Eing Oiler. — Small high- 
speed engines arc often oiled by 
the oil-ring system, as illustrated in 
Fig. 531. The shaft is encircled by 
several loose rings which dip into a 
bath of oil in the base of the pedestal or frame and, rolling on the shaft 
as it turns, carry oil to the top of the shaft whc'-rc it spreads to the 
bearings. In some cases the rings are replaced by loops of chain. 

Iting Luhricdiion: Power, Jan. 9, 1917, p. 42. 

383. Centrifugal Oiler. — Fig. 532 illustrates the application of a 
centrifugal oiler to a si(l('.-ca*ank engine. The oil supply is regulated by 

tlu^ sight-feed (nip 0 and flows by gravity 
to the pipe P in line with the center of 
th(^ (^rank shaft, (kmtrifngal forego throws 
the oil outward through pipe B to the 
(iontcr of the pin />, which is drilled longi- 
tudinally and radially so as to distriliuie 
the oil upon the bcuiring surface. 

384* Fendnluin Oiler. — Fig. 533 illus- 
trates tlu^ appli(uition of a pendulwm oiler 
to the crank pin of a ccmtcr-crank engine. 
Oil cups and pcuKlulum P are fastencKl to 
thc^ (wank sliaft B by trunnion T. Th<^ pendulum holds the cup ver- 
ti(^al, mim ih(', friction of tiie trunnion is not suiRciont to revolvi^ it. 
Oil flows along the emior of the crank shaft under the head of oil in 
cup 0 and is thrown outward to Ixiaring /i by centrifugal force* 
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385. Splash Otlliig. — In some high-speed engines the crank, con- 
necting rod, and crossheads are inclosed by a casing, the bottom of 
which is filled with oil to such a depth that at each revolution of the 



Fig. 533. Pendulum Oiler. 

crank, the end of the connecting rod is partly submerged. The result 
is that the oil is splashed into every part of the chamber, and ihe crank 
pin, cros^head pin, and crosshead slides practically run in an oil bath. 


CIicclc 



Fig. 534. Himplc Gravity Feed Syntcuu. 

386. Gravity Oil Feed. Fig. 534 illuHtraten a simple gravity misfeed 
Bysteiu. The oil to the engine is supplied from the oil tank by pipe /) 
under pnwsure (Corresponding to the height of iluc tank abovee the oil 
(CUDS. Afiicn- performing its function tine oil gravitates to ihe filter and 
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from the latter to the oil reservoir, from which it is pumped back to 
the supply tank, the overflow being returned to the reservoir through 
pipe N. Operation is interrupted only when new oil is to be added to 
the system from the barrel through the flexible filling pipe. In case 
the oil tank is put out of commission, or the supply pipe becomes clogged, 
full pump pressure may be used by closing valves R and S and opening 
valve E. The make-up oil is small in amount compared to the quantity 
circulated. The reclaiming and purifying of the oil arc essential if the 
bearings are to be flooded, otherwise the cost of oil would be prohibitive. 
At the power house of the South Side Elevated Railway the daily 
circulation (24 hours) of engine oil is approximately 1500 gallons. The 
make-up oil amounts to eight gallons. 

An objection sometimes made to the above system is that the varying 
heights of oil in the supply tank may cause considerable variation in 
pressure at the oil cups, causing them to feed faster when the tank is 
full and slower when the tank is nearly empty. This applies only to 
installations where the supply tank is filled intermittently, 



lP<j. r>sr>. L()w-{)r(‘HHur(i CravHy Feed, Constant/ Ih^ad. 


3S7. liOw-presHiire (Gravity Feed* — Fig. 535 shows the application of 
a k)w-pr(*Hsure oiling system in which th(‘. level in thc^ sight kmh is 
kept (xinstant, A is tbe luaiu supply tank, and the upper and 
lowcu’ gaugers indicjating oil liwel, C tiie supply pipe running to the 
emgines, and /) a small standpipe closed at one end and vented near the 
top. The nw.rvoir is supplied with oil by t/ho valve markcHl inlet.’’ 
When the tank is fille<l the oil timn in the standpipe D a com^sponding 
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height. The inlet valve is then closed and the oil in the standpipe feeds 
down to the level of the sight feeds or to a point where the air will enter 
the bottom of the tank. This will be the constant oil level; since oil 
flows from the tank only in proportion to the amount of air admitted. 
A head of 6 inches has been found to give the best results. (Engineer, 
U. S., March 16, 1903, p. 243.) 

388. Compressed-air Feed. — Fig. 536 shows diagrammatically the 
arrangement of the oiling system at the First National Bank Building, 
Chicago, The storage tank containing the supply of engine oil is 
unde^air pressure^at all times except during the short periods when it 
is being filled with oil from the filter. The air pressure on the surface 



Fig. 536. Oiling System at the I^ower Platit of Firaf National Bank 
Building, Gliicjago. 

of the oil forces it to a rnanifokl on the eiiginc from which it is dis- 
tributed to the varioirs oil cups. The oil (lows from tlu^ dillenuit 
bearings to the returns tank lo(‘ 4 iic<l at the base of the cngiiuvs. When 
the tank is filled air pressure is admitted and the oil forccul to th(^ seldling 
tank, which has a capacity of about 400 gallons and is locutted nmr the 
ceiling. The oil is allowed to settle and tlu^ (uitraituMl waten* and forc^.igu 
material arc drained to waste. The oil gravitat.(^s from this tank to a 
series of Turner oil filter’s. When a new supply of oil is iuhhIchI, valvc^s 
A and B are (closed and vent valve 0 opened, cutting off thc^ supply of 
air and reducing the pressure to atmospheric. Valve 1) is tlnni opetUHl 
and oil flows from the filters to the storage tank. 

389. Cylinder Lubrication. — The test requircirum,ts for c;ylindc»,r oils 
are outlimxl in Table 133, from which it will be seen that pure', mineral 
oil fulfils practi(;ally all roquiremontB for dry steam. In connec.iion 
with moist ste-am, as in the low-pressure cylinders of compound erngines, 
an acklition of from 2 to 5 per cent of acklless tallow oil is rcicommcuKkul. 
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Vegetable oils, beeswax, lard oil, degras (wool grease), and the like 
should never be used in compounding cylinder oils. The best cylinder 
oils are made from Pennsylvania stock. For data pertaining to the 
amount and grade of cylinder oil used in a large number of piston engine 
plants see Table I, p. 824, Jour. A.S.M.E., May, 1910. See also “Lubri- 
cants and Lubrication,’’ by Dr. C. F. Mabery, Jour. A.S.M.E., Feb., 
1910. 

Cylinder oils must be forced to the parts requiring lubrication against 
the prevailing steam pressure, which is ordinarily accomplished by 
(1) cylinder cupSj (2) hydrostatic lubricatorSj or (3) hand- or power-driven 
force pumps. 

390. Cylinder Cups. — A cylinder oil cup consists essentially of a 
steam-tight brass vessel fitted at the bottom with a pipe connection 
and valve. A screwed cap offers a means of introducing the lubricant 
into the cup. After the cap is in place the valve is opened and the 
cup is subjected to full steam pressure. The pressure in the cup, being 
equal to that in the steam chest or cylinder, permits the lubricant to 
gravitate through the valve into the cylinder. 

Fig. 537 shows a seciion through an improved 
form of oil (uip in which the oil feeds from the 
top inst-ead of the bottom as is the (^asc with 
tlic (jomrnon form of cylinder cup. The vessel 
is aiitached to the stenun chesi, or to the supply 
pipe below the throti.lc valve. Steam is a,<l- 
mitted through opening B and, (‘.ondensing, 
settles thro\igh the oil to the: boU-oni. This 
raises level of the oil until it l)egins to 
ov(M'flow down the samc^ passage by whi(ih th('. 
sk^am enters. This aciion is intensified by the 
flucjlanition in st-<‘.am pressures The rate of, PoyiandAuto- 

iH rogulaicd t)y C! !«i<l by Cyliadcr Cup. 

uius<!r(‘wiiifi: plus F. Tf oil appears through 

op(!niiig (i, tlio cup is hicdiiig oil; if stentu or water is etnitted the 
cut) is ('lupty. I’he eup is filled by means of plug F and tlu^ water 
draiiunl at D. 

391. Hydrostatic Lubricators. — Th(', most common method of cylin- 
d(ir lubriontioii is by In(^ans of hydroM-ic lubric,ators of i-he sight-feed 
class, Fig. 538. The tiriucipki of opc^ration is as follows; The lubri- 
cator is filled witli cylinder oil by removing eap K, the height of oil 
aiipeariug in glass L. If water is present Iho oil floats on top as iudi- 
eated. After the caj) is screwed in place the valves in t.he condenser 
pipe are opened, sulijccting the oil in tlio vessel to steam-pipe proasiirc. 
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Steam is condensed in pipe C, filling tube B and part of G, thus adding 
to the steam pressure the pressure due to the weight of the water column. 
Valve E, which communicates with the top of the vessel by means of 
tube A, is opened wide, as is also the regulating valve I. The pressure 
at B being greater than that at A by an amount equivalent to the 
height of the water column, forces the oil through A and the sight 
feed^^ B to the steam pipe. The rate of flow is controlled by the 



Fra. 538. Comiuou I lydroHt.iiiic Fm. 53t). 

Lubricator. Lubri<;ator. 

regulating valve /. As the oil flows from tlu^. vess(d its spjwu’! is o(H‘.u- 
pied by condetised steam, the heiglit of oil and waiter beitig visible in 
glass L. Owing to ilie small capacity of tlu^ lubric 4 ttor it must. b(^ 
refilled freciuenily. To re<luc(^ the ainount of labor naiuin^d with tJic^ 
above apparat.us, independent sight feeds, Fig. 539, a.r(* sonudhmts 
used in (ounecdion with a central reservoir. Ku(‘fi a-n inst4dIa.iion is 
shown diagramnuiti(‘ally in Fig. 540. A condcmscu* pipe U^axling from 
the steam main eiflors the bottom of the nwnwoir aaicl thc^. (H)mkns(Hl 
stcmm fills up thc^ reservoir as fast as the oil is fed out. Tlie princtipk^ 
is th(^ sa,me as thad of tlu^ simple hy<lrostatic lubricator. Oil is fre- 
(tuoni'ly injecded ly mechanical luoatis under a stoa<ly f^ressurc^ gen- 
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erated and governed independently of the steam. Two systems are 
in common use, direct mechanical pump pressure and air pressure. 



Fig. 540. Ceutral Hydrostatic Lubricator. 


30*^- Forccd-fccd Cylinder Lubrication. — Fig. 541 illustrates the 
Rochester'^ simple feed automatic lubricating pump, which takes the 
oil by gravity from the reservoir through a sight-feed glass and forces 
ii tlirough a small pipe to the steam supply pipe. The pump entirely 



obviates the trouble due to intermitkmt feeding and, being directly 
driven from the (mgine, runs at constant Bp(',e<l Th(‘, feed is uniform 
jmcl indc^penderii of Urn pressure pumi)e(l against. The nik^ is deter- 
mined by the length of stroke of the pump piston, which is easily adjustcui. 
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With large engines multi-feed pumps are sometimes used, which force 
oil to the various valves as well as to the steam pipe. Fig. 542 shows 



an arrangement of storage tank in connection with pump reservoir io 
avoid the trouble of hand filling. 

zn. Central Systems. — Fig. 543 shows the piping for a large central 
system of cylinder and engine lubrication. There are two storage 



Ft( 3. 543. Central System for Large Stations. 

tanks on the engine-room floor, one for cylinder oil and the other for 
(nigine oil, the distributing arrangements Iming the samc^^ in (‘.acii (‘.ase. 
The oil is pumped from each tank into a tuain pipe extending length 
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of the engine room and provided with branches at each point requiring 


lubrication. The oil pumps are ac- 
tuated by steam and are of the 
duplex direct-acting type, provided 
with automatic governors which 
regulate the speed to suit the de- 
mand for oil. The cylinder oil is 
forced through a special sight-feed 
lubricator, Fig. 544, under a pres- 
sure of about 25 pounds in excess 
of the steam pressure. Referring to 
Fig. 544, diaphragm valve D, in the 
bottom of the lubricator, is kept 
closed by the steam pressure ad- 
mitted through pipes B. Thus the 



FEED BCGOEATOR 


Fig. 544.. Siegrist Sight-feed Lubricator. 


inlet pressure must be greater than that of the steam before the valve 



will open and admit oil to the 
engine. The oil, after enter- 
ing, passes upward through the 
sight-feed ghiss and downward 
through the hollow arm A to 
the steam pipe. The engine 
oil is forced by the pump to the 
various points under a pressure 
of aboui» 20 pounds. The waste 
oil is caught in suitable n'.cepta- 
cl('.s and, after being filtered, is 
returned to the storage tank by 
a steam pump. This pump is 
conneci^ed so that it can supply 
the storage tank either from the 
filter or with fresh oil from a 
large oil tank in the basement. 
By this arrangement all han- 
dling of oil in th(^ engine room is 
(lone away with. 

Fig, 545 gives a diagram- 
matic outline of the oiling sys- 
t(un for a vcrticjal (Curtis steam 


Fun 545, Armngc^rrumt of Oiling Hysicin for 
V(^rtical (jurUs Turbine. 


t.urbine, A tank, of sufficient 
capacity to coiitain all tihe oil 


ami litU^d with suitabk^ straining dtwices and a cooling coil, is located 
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at a level low enough to receive oil by gravity from all points lubri- 
cated. A pump draws oil from this tank and delivers it at a pres- 
sure about 25 per cent higher than that required to sustain the weight 
of the turbine in the step bearing. A spiral duct baffle connects the 
source of pressure to the step bearing and serves to regulate the oil 
supply to the lower end of the shaft. This source of pressure is 
also connected through a reducing valve to the upper oiling system 
of the machine, in which a pressure of about 60 pounds t/O the 
square inch is maintained. This system, which includes a storage 
tank partly filled with compressed air, operates the hydraulic governor 
mechanism and supplies oil to the upper bearings. Delivery of oil 
to these bearings is regulated by adjustable baffles designed to offer 
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resistance to the oil flow without, forcing the oil t,o pass t.lu^ough any 
very small opening which might easily (flogged. A rcli(^f valvo 

is provided to prevent the pressure in the upper part of tlio oiling 
system from tising above a desirabl(‘. limitu Drain pipe,s from tlio 
upper bearings and from the hy<lra.ulic cylinder and relief valvo all 
discharge into a common chamber, in whic/h the streams an^ visible, 
so that the oil distribution can always ho easily ohsorvcHl. At, some 
point in the high-pressure system adjacent to the pump it, is dc^-sirable 
to install a device to oqualissc the deliveay of oil from pump, as is 
done by the air chamber commonly used with pumps d(^sigtie<l for 
low pressure. A small spring accumulator is furuisluMl for this purpose, 
except ill cases where weighted storage aecumulat,ors arc*, uhchL hi 
larger stations where scvc^ral machiiu^s are installed, a storage*, acu'umu- 
Iat.or is desirable and can he arranged advantagcMiusly so that it, will 
normally remain full, but will disciharge if pressure fails, and in doing 
so will start, auxiliary pumfiing apparatus. 
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All modem steam turbines are equipped with forced feed lubrica- 
tors. The oil pumps are either independently driven or geared to 
the turbine shaft. The different systems employed are described in 
paragraphs 207-"213. 

Oil Filters. — After oil has been applied to machinery its lubri- 
cating properties become impaired on account of (1) contamination 
with anti-lubricating material, such as dust, metallic particles from 
wear, gum, acid, and resin; and (2) exposure to heat and the atmos- 
phere which drives off part of the more volatile constituents and de- 
croixms the fluidity of the oil. 

In many small plants no attempt is made to reclaim oil that has 
on(‘x^ been used, since the quantity is so small that the cost and trouble 
involvcnl woul<l more than 



offset the gain. Where large 
quanUti(\s of oil are used, 

(‘considerable saving may be 
effectcul by using it over and 
<)V(U‘ again. To render thc*; 
oil (it for reuse it must be 
1 1 10 rou gl ily p\ iri fied . Th(^ 
imthlubricjat/ing imilckn’ is in- 
inov(Hl by preeipitation and 
filtrat.ion. 

Fig. f)'!? shows a section 
through a, White Star^' oil 
and purifkn*. 1110 ap- 
pa-ratais ('.ouHisiiS of a, (‘ylin- 
(hhiaJ sluHldron v(‘ss<l di- 

vid(Hl iniio two (H)mpa,rtments by a vtnlhial partition. These two 
CcompartmeniH a<rt^ (jomuudnd imar the top !)y valve /L Tlic smalku* 
(hainbtn* is provided witli a funnel A and a steim coil for heating the 
c.onicmts. The larger (‘luunbc’ir cjontains a cylindrical wire scrc'en cov- 
with sevcn'al folds of filtering cloth. Impure oil is poured into 
funnel A, the up[)er part of wliich is providcnl with a rcnnovablo sieve 
or Htraimn*, mul is disdiarged bdow the stirfaco of ihe^ water through 
hcles in thc^ foot of the tube. The thin streams of oil rise vertically 
t/O the surfac^e of the water and the h(‘4ivy partidc^s of grit and dirt 
gravita(,e. tro bottom. The sk^am (H)il lu^ats the oil and wakn* 
and fa,chiiak\s preUipilakon of the solid matt(?r by thinning out the 
strc‘ainH of oil When tlie oil in the smaller (hambe^x reacluis the levd 
of valves H it. flows into the filter bag, which removes the rctnaining 
impurities and peunuits the purified products to (low into the large 
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compartments from which it may be drawn at will. All parts are 
accessible and readily removed for cleaning purposes. The accumu- 
lated sediment in the bottom of the small chamber is discharged to 
waste at intervals by means of a suitable drain. When the filter cloth 
is to be removed, valve B is closed and the wire cylinder is disconnected 
and lifted out. Any oil remaining in the filter is returned to funnel A . 
The filter cloth is held against the screen by cords and hence is readily 
removed. 

Fig. 548 shows a section through a Turner oil filter, illustrating the 
type of filter usually installed in large stations where continuous fil- 
tration is desired. This apparatus consists of a rectangular tank 
divided into four compartments. The returns from the lubricating 



system flow into section 1 through a scn'nned funnel and discharge 
into the water space at the bottom of the comparirnent. The oil risers 
through the water, passes, under pressure of tlie lu^ad in tlu^ finmel, 
ifirough a layer of filtering material resting on a perforated platen, and 
collects in an inverted cone. Through perforat/ions around the top of 
the cone it passes into a dirt chamber, where most of the hcrivy im- 
purities are deposited, and then, still rising, passe^s tlirough anotlier 
perforated plate and more filtering material. The partially cieaned oil, 
whi(ih issues, overflows into the second (sompartmemt and thencc', into 
the third, the same eyefe of operatiotis being repeated in tliese two. 
The overflow from the third compartment descends through a fitial 
fiber in the fourth compart, ment and collects at the bottom, from which 
it is withdrawn by the oil pump. 
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395. Geiiefal. — The importance of maintaining a system of records 
is discussed in paragraph 419. The various items which may bo re- 
corded and the instruments and appliances used in this connection are 
outlined in the accompanying chart. In large stations a full comple- 
ment of indicating; recording, and integrating instruments may prove 
to be a good investment if intelligently and closely studied by the 
operating engineer with a view to locating and eliminating unnecessary 
losses. The instruments should be inspected and calibrated a,t ini,er- 
vals, since many of them are delicately constructed and are api< i-o 
become inaccurate after a few months’ service. Steam gauges, ilier- 



mometers, and pyrometers, and pari/itnilarly piston 
water meters are subj(H‘t; i>o appreciable (n*ror alter 
considerable us(\ Volt-mctors, a,mmctcrs, and oi,her 
switchboard instruments an^ c‘a.sily deriuiged, es- 
})ecially when su])jected Id continuous vibration or 
to high tcunporature. 

396. Weighing the Fuel. — Tn most small })lants 
the delivery iickel-s of th(^ coni <l(^aler mv dc'pendtHl 
u|)on for (he weight of coal used, no att.(unpt !kv 
iag madc^ to <le(,cnnin(‘. th(^ evaporahivc^- valium, a.nd 
tiie economy of iho plant is judged by tlu^ size of 
the coal bill. Iti such (uises n> consideral)l(^ savitig 
may be effected by k(H^pitig a, daily r(Ha)rd (iovea*- 
iug at least the coal aaul wa,(e,r c.ousuitipl-ion. The 
coal can be conveniently wcnghcal on ordinary 
platform scales. In a mimbca* of large slntions 
the weight of coal is determined by suspendtal 
weighing hoppers, whicli may 1)(‘, s(.a(.iona,ry, a,s in 
Fig. 141, or mounted on a t-ravchng irin^k, as in Fig. 
142. The scales of such (hwic-CH a.r(^ ma<k! iudica.(r 


ing, autographic, integrating, or a combination of iiu^ (.hna^,, ihc lai(,(a* 
<a)sting but little mon^ than the simple indieatitig or re(‘.ordi!ig dewku^s. 

A simi)l(^ and inexpensive coal meter recently hroiiglit otit is illus- 
1-rated in Fig. 549. li (consists <KS(^utially of a helic^al vane platted in a 
cylindrittal (touduit. Tlut movcuuent of i.ho coal ttausoB the vantt to 
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TESTING AND MEASURING APPARATUS. 

Steam Plant. 


Wcuglits 


fFuel 


Water 


Platform scales, indicating and autographic. 
Suspension hoppers, indicating and auto- 
graphic. 

Coal meters, integrating. 

Platform scales and tanks. 

( Piston . ) 

Rotary . > Integrating. 
Disk. . . ) 

Venturi, indicating and 
autogi aphic. 


Pr(‘Hsures. . . 


Ternp<‘ra." 

tun\s 


P<)W(T 


IdiK' gas 
analysiH 


Moistun^ 


Idled analysis . 


V Steam 

nipti .. 

Low 

f 

Up to 800 deg. fahr. . 

- 800 t,o 2500 deg. fahr. 

( )ver 2500 de^g. fahr. . 
Indi<;at<Hl 

Developed 


1 Weirs and volume displacement meters. 

( Weighing condensed steam. 

j steam meters., jhdirect. 

( Bourdon gauge, indicating and autographic. 
( Manometers, mercurial, indicating. 

( Manometers — mercurial, indicating, and 
autographic. 

Manometers — water, indicating, and auto- 
graphic. 

Diaphragms, indicating and autographic. 

( McTCurial thiu'inoinctcrs, indicating. 

< Expansion thermometers, indicating and 
( autographic^. 

Expansion thermometers, indicating and 
autographic. 

Resistan(5e t.hermomcdcTS, indicjatiug and 
autographic. 

Thermo-cdc'ci.ric thcTinomcdiers, indi(‘,ating 
[ and aut-ographic. 

(Optical pyrometcT, indicating and auto- 
< graphic. 

( Platinum or cla,y hall pyrometer, 
Indic^ators, hancl manipulated. 

I ndie-ators, (sontinuous autographic. 

Rope bi*ake. 

, Prouy brake. 

Absorption dynamometers. 

. iOh'ctrh; getuiniior. 


I Orsat apparaiuH. 

Hay’s re(U)nl<T. 

Wt'stover r(U!order, autographic. 

U(^hling gas comjxiHinH'Uu-, autographic, 
f In air Hygromeii'r, indicating and autographic. 

I (WorlmeierH.. . \ 

I Mahh^r bomb. 

Garixuiter. 

Thompson. 

Parr. 

, C las (ialonnudi^r. ..... JunkiT. 


^ EriEiJTUKJAL Ppant. 

\roltagi» .Voltnud^ers, A. 0. and D. G., imlicating and antografihic. 

(kirrent Aium<d(TH, A. G. an<l D. G., indicating and autographie. 

<i)uipnt. .... . .WattmeUw, A. G. and D. G., integrating and autographic. 
P4iwef I'iwiw,. .Pow<»r factor metiers, A. G. only, indicating ami autographic. 
Pf<aiU<*n(W.. . . , Pr(a|U(an*y metiT, A. G. only, indicating. 

Hynichnaiwtn.. .BytichriHiiKcrH, A. G. only, indicating. 
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rotate and the number of revolutions is a measure of the weight of fuel 
passing. For hard coal of uniform size the meter gives consistent 
results agreeing within two per cent of scale weight, but with bitumi- 
nous coal the results are somewhat erratic and particularly so with 
lumps of varying size. (For a detailed description of the device, see 
Prac. Engr., U. S., Apr. 15, 1912, p. 438.) With certain types of me- 
chanical stokers it is possible to approximate the rate at which fuel 
is fed into the furnace by registering the speed of the stoker engine. 
In the new River Station of the Buffalo General Electric Co. “Electric 
stoker tachometers^^ are used for this purpose. 

397. Measurement of Feed Water. — The quantity of water fed to 
the boiler may be determined by 

1. Actual weighing. 

2. Measurement of volume displacement. 

3. Measurements by weirs and orifices. 

4. Measurement by determining the velocity of flow hi ilic feed pipe. 

Some of these methods necessitate measurement on the s\i(‘4l()n side 

of the pump; others are applicable to either suction or pressure. Tlie 
former, as a class, are the more accurate but involve bulky apparatus. 
The choice for any given case depends upon the (pianiiiy of li(|uid to 
be measured, the degree of accuracy rcciuired, spacjc r(Hiuirem(mi-s, and 
first cost. 

398 . Actual Weighing of Feed Water. — The most, ac^curate uK^ans of 
measurement is by the use of two or more ta.nks rc^stiug upon scales, 
arranged to be filled and emptied alternately. This method is limited 
to comparatively small quantities because^, of ih(^, giXMit, bulk of appa- 
ratus involved and is seldom used for (continuous s(u*vi(ic. It is (com- 
monly employed in conducting sp(C(cial tests of short duration and foi* 
calibration purpostes. For regular boiker s(crvic(c it, invol vccs (consiikcrably 
more time than is ordinarily at the disposal of the finctuan and (cngiiKC(cr. 
For temperatures abovee 150 deg* fahr., the wcigliing t,anks shoukl bo. 
covered, since evaporation may causcc an appncciabkc (error* S(C(c also 
“Rules for Conducting Boiler Trials,^’ A.K.M.E., (^()d(‘ of 1915. 

399. WortMngton Weight Betermlnator. * -- Fig. 550 shows th(c gen- 
eral details of the Worthington weeighi (ketenninator, illuHtrat,ing u 
commercial nwans of coutinuously nucasuriug a-nd rxcccording thcc weigh t 
of water feed to (h(c lioilcr. The apparatus ccousist-s prima,rily of i,we 
ta,nks of (equal sizee, A and /?, iwii mounUed on knifee (xlgecH K an|fl 
(‘(juippeed at onc', md with a siphon N and at the othcer end with (counicejr- 
weight IF. The li(|uid t-o be nmaBurcHl flows through' inlet. pip(‘ P arel 
along deflector /) int-o cither tank. Each tank nunains in a liorizonl/al 
posit, ion unt.il the w(ighi of liquid overcomes the (counterweight wlilmi 
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it tilts into the position shown by the dotted lines. Discharge now 
takes place through siphon S until the liquid reaches a certain level at 
which point the tank tilts back to its original position and the siphon 


X 



Fig. 550. Worthington Water Weigher. 


continues its aedion until the vessel is emptied. The tanks operate 
alternately, one filling while the other is discharging. Since each tilt 
represents a definite weight of licjuid irrespective of variations in volume 
due to specific gravity or changes in 
temperature, the number of tilts as 
re(‘-or(le<l by counter C is a correefi/ 
measure of i/he weight discharged. ^ 

This apparatus opera/t.cs at atmos- 
pheric pi'cssure and is arranged to 
diH(5harge into a st/orage tank from 
which the feed pump takes its supply, 

400, Keiiiiicott Water Weigher. — 

This apparatus is used in many boiler 
houses and s(^ernH to give universal 
satisfaction. It consists of a (‘ylindri- 
(;al shell aS, Fig. 551, the lower part of 
which is divided into two measuring 
compartments A and B, each fitted 
wiili a siphon for discharge and a float 
B for act, ua, ting the t/ripping mecha- 
nism. Skipping box B is divided into 
two m)ciiom whicti alternately fill with water and serves the double 
I'nirposc^ of furnishing a sufficient (quantity of water to start the si- 
pilions H/IhI to shift, the supply from one compartment to the othen. 
T'hsH tripping Ikix is balanced on knife cnlgc^s and is mounted directly 
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above the measuring compartments. Water enters the inlet and passes 
to the tripping box where a small portion is intercepted, the re- 
mainder passing directly to the measuring compartment below. When 
this compartment is nearly filled the float tilts the tripping box, dis- 
charges its contents into the compartment, and starts the siphon. A 
counter registers each double charge. This apparatus discharges at 
atmospheric pressure, though with slight modification it may be in- 
stalled on the pressure side of the pump. Kcnnicott water weighers 
are constructed in various sizes ranging from a capacity of 750 to one 
million pounds per hour and are guaranteed by the manufacturers to 
record the correct weight of water within one-half of one per cent of 
scale weight at any given temperature. Calibration for different tem- 
peratures is necessary since the apparatus is actuated by volume dis- 
placement. For example, the weight of one cubic foot of watior at 
60 deg. fahr. is 62.37 pounds and at 210 deg. fahr. it is 59.88, diflbr- 
ence of 2.49 pounds. Hence, if the device is calibrated to read (X)rrectly 
at 60 degrees it would bo in error 4 per cent if used to mc^asurc^ water 
at 210 deg. fahr. 

401 . Willcox Water Weigher. — Another succ>essful volume disphuje- 

Thc device consists of a cyliu- 
dri(uil tank divided into an up- 
p(u* and lower compartnu^iit by 
a horizontal partition. The 
water enters tiie upper cx)m- 
partmentr, passes to tlu^ lower, 
in which its volume is mcn-s- 
urod, and then out through tlio 
IJ-shaped dis(4iarge piiK^. Tlie 
operation, beginning with l)oth 
compartmc^nt,s (^ttipty, is as fol- 
lows: Wat(H’ enUu’s th(^ upper 
cxmipartment through t»lie inlet 
pipe and rises t-o tlu^ top of the 
standpipe. (Tln^ laiinr is open 
at the top and bottom and is 
rigidly eomuMhed to the bell 
float, but when in i(,H low(‘st^ 
position it/ is lield against its seat by weight of th<', b(41 flou/i.) Furttuav 
admission of water (causes it to overflow into ami through thc^ st/a-nd-^- 
pipe inlio ilu^ hw(\r comparinuait. Tlu^ water, rising in thc^ lowm* 
pn-rtnunit, seaJs tlu^. lowi'.r I'dge of th(^ Ik 41 float and (rntnips a volnm^^ 
of air un(l(a* the hil Further rise (‘.ompressoB tlie air under the*. floa'H, 


ment meter is illustrated in Fig. 552. 
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in leg C of the discharge pipe and in leg A of the trip pipe AB. This 
compression causes the float to rise to its highest position and raises the 
standpipe from its seat, permitting the water in the upper chamber to 
pour into the lower vessel. Compression of air continues until the 
pressure becomes great enough to break the seal in the trip pipe. This 
action immediately reduces the pressure below the float, permits the 
latter to descend, sealing the upper chamber against further discharge, 
and allows the water in the lower compartment to siphon out through 
the discharge pipe. The number of discharges is recorded mechanically. 



Fig. 553. A Typical Piston WatcT Mot, or. (WorthinpitotL) 


40?8. Weir Measuring Devices. — F(HhI water h('.aters or specially 
(h^signed tanks fii4,(Kl with V-shaptnl, (‘.ycloidal, or i/rap(^iioidal weir 
iK)t(‘hcs offer a simple moans of measuring the rate of flow. The 
(diambor is (lividt'xl into vertical compartmeni^s arranged so that one 
may discharge through a ealibratetl wear notch into the other. The 
height of wat(T above the bottiom of the not.ch is a (Unnit measure 
of ((he volume flowing. Th(^. height* may bo noted in an ordinary gauge 
glass or it may bo transfernHl through a siat4d)le float met'hanism to an 
out, side indicator. Connnerciial W(ur measuring devices are usually 
provkhnl with aut(()graphic and itdK^grat.ing aii-atduneni.s for recording 
Uii^ rai/O of How axid for f^otaling the wcught of wat/cn* pa,ssing tlirough 
th(‘- d(wic(^. For the theory of w<fir notcluvs, orifict^s, and noijzlos consult 
^G^xperimental Knginecuang/' (Jarpentxw and Dicderichs, 1911, Ghapior 
XI I. See also, Trans. A.H.M. E., 1 9 1 5. 

Wdr Mdernfor the Power Plant: Power, May I, 1917, 582. 

441. Pressure Water Meters. — ' There are a number of r(hal)l(^ wat((U' 
inet;c‘TH on the marked; for hot or cold water which may lx*, pla(?ed on the 
pressure’s side of tile’s feeel pump. Among them may Ix^ mexiiioned the 
Horsey, ('reiwn, Nash, and Worthington. Tliey are^ all based on vol- 
ume displae^ement and conscquemtly reemirc correxdion for differemt 
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temperatures if graduated to read in pounds. They are compact, 
comparatively inexpensive, and require considerably less space than the 
tank weighers of the Kennicott and Willcox type but are open to the 
objection that no particular provision is made against leakage and after 
considerable use they are subject to serious error. In many plants 
where meters of this type are installed the meter is by-passed and 
operated only for short periods. For continuous service meters of the 
tank-weighing or Venturi type are recommended. Fig. 554 illustrates 



Fic. 554. A Tyi)ical Dink Water MeU^r. (Nawh.) 


the 'pision type of pressure meter, iti whi(jli reciprocating pistons are 
displaced by a definii-e volume of water; Fig. 425, the rotary typt^ dev 
pending upon the displacometit of rotary impellers; Mg. 555, tlu^ duk 
type, in which impellers arc given a (‘,oml)in(Hl roiatitig and tilting 
motion. The capacities of pressure meters range approximately as 


follows: 

Size of meter (pipe size) 3, J, 1, IJ, 2, 3, 4, 6 

Maxirntmi capacity, cubic fcH per niinutcn 

B-otary or disk moterfi I, 2, 4, B, 12, 20, 30, 72, 120 

Piston meters IJ, 3, 5, 0, 8, 23, 00, 120 

404. Venturi Meter. — ■ The Vent.uri tube witli indictating, auto- 


graphic, and integrating mechanism, as constructed by tlu^ Euilderhs 
Iron Foundry of Providencx'., E. L, is one of tiro most satisfacttory 
methods of measuring feed water und(u* pressure. Tlie total alwencci 
of working paits in the meter proper insunvs (toniimiily of opcualion 
and frcHHlom from wear, and ih(‘. faett t.hat tlu^ rcHHirding mcadianism 
may !)c phased at a consitlerablo distance from the meter is a great 
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advantage. The Venturi tube, Fig. 555, is essentially the same in 
principle as an orifice placed in the pipe. The pressure difference H 
between A in the “upstream^' portion of the tube and B at the ^Hhroat^^ 
is a measure of the velocity through the throat. The loss of head due 



Manomoter 


Fig. 555. Venturi Tube with Indicating MauornctcT. 


to friction is negligible and the velocity may be calculated, within an 
(UTor of 2 per cent, from the following modification of Bernouilli’s 
theorem: 



in which 


Vt = velocity at the throat, feet per second, 

Fu = ar(ia of the upstre^am section, .Square feet, 
Ft = area of the iht'oati, scpiare feet, 

11 = pressure dilfcu'enciC'., fend, of water. 


For accuratiC work the t/ube nxiuires calibration. Once calibrated the 
errot* in wcught readings for a givcm i.cnnperature should not oxcieod one 
p(n* (i(mt. for (uipacutic's within tiie working range of th(^. manometer. 
For V(ny low throat- v(dociti(\s the error may be considcu’able hecjausc 
of tlu^sligiit pressure differen(*.(^ betwcHui tlu^. point-s A and B, In situa- 
tions where tluu’C arc pcricxls of v(xy low and very high rates of flow, 
as in connection with (combined luuiiing and lighting plant-s, it is cus- 
tomary to install a small t-ube for t-hc light- loads and a large tube for 
the heavy loads, the sanu'. indi(‘4iting mechanism being usc'd in each 
(•ase. The (xpiipment- illustratcHl in Fig. 555 is purciy indicating and 
rc^a-dmgs must be takm at frexjuimt intervals in onUn* to olitaiii the? 
total flow for a given period. Where the size of the plant warra-nts the 
outlay the com lined indic4iting, integrating, and recording instrument 
is often instalkul With this <levi(?e tlu*. insiantaneous ratc^ of flow is 
indiesated by a pointer and diid, the variation in nite of flow for any 
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given period is recorded on a clock-driven chart, and the total weight 
flowing is registered on a counter. (For a detailed description of this 
mechanism see Power, Jan. 23, 1912, p. 102.) Tests made at Armour 
Institute of Technology on a carefully calibrated tube and recorder 
with feed^water at 210 deg. fahr. and constant rate of flow gave chart 
and counter readings agreeing substantially with scale weights; for 
irregular and fluctuating flow, as when feeding the boilers, the average 
error was about two per cent. 

405. Orifice Measurements. — The appropriation of the great majority 
of small steam power plants does not permit of the installation of 
tank meters, Venturi meters, or other forms of reliable commercial 
appliances for measuring the weigh!; of water fed to the boilers. For 



use in such cases an inexpensive^ and fairly a.(unirat/(^ indicaJiiig nuder 
may be constructed of ordinary pipe fittings, as illusl.rakMl in Fig. 5r)(). 
A thin metal diaphragm wit.h circuhir orifleu^. is inscu’ied on th(^ pr('s- 
surc side of tlie feed pump and i.he pressure! drop u.(*-ross orifitn^ is 
measured l)y inclined mercury manom(‘.ter. dJie lafighi; of nun'cury 
h is an indicaition of I.he raU‘. of flow, f^y c,a,lil)ra.ting tlu^ manonudier 
againsfi tank measurements file rea.diugs of flu'- mcu’cury (‘-olunin may 
be graduated io read diro<flly in fxnmds per liour. If nutans are not 
available for calibration purposes iiie. weight, of discJiargc^ may be 
approximafnd from t.he formula 

W--l\20aVM, OJOO) 

in which 

IF = weight flowing, pounds per hour, 
a ” a.r('n, of t,lu‘ orifice'!, sepiare^ inciie\s, 
h “ vea’Ucal height of nmreniry c-olumu, inciie^s, 
d - deaisify of tlie wakT, pounds p{U’ enihic foot» 
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For a fairly continuous flow and pressure drop corresponding to three 
inches of mercury or more this simple device gives results agreeing 
within four per cent of tank weights, but for widely fluctuating flow 
and small pressure drops the error may be considerably more. 

For application of the Pitot tube for water measurements consult 
accompanying bibliography. 

The Pilot Tube Jor Water Measurements: Trans. A.S.M.E., Vol. 30, 1908, p. 351, 
VoL 25, 1904, p. 184, Vol. 22, 1901, p. 284. 

The Pilorneter: Proc. Am. Wks. Asso., 1907, p. 136; Jour. Frank. Inst., Dec., 
1907, p. 425. 

406. Measurement of Steam. — The quantity of steam passing 
Uirough any devicic may be determined by (1) condensing and weighing 
the steaan attcu* it has passed through the apparatus and by (2) meas- 
uring the flow by ihcans of steam meters before it enters. The first 
lUH’.essitatiOs t.h(‘, us(^, of surface condensers, and consequently has a 
limikMl field of a/pplication, whereas the latter may be used in both 
(condensing and non-condensing service. 

407. Weighing Condensed Steam. — The weight of condensed steam 
may ht^. obta/nu^-d by any of the dcwices used in comiocdion with feed 
wat»(a' nuuisurcanentiS but; such nK^asurements tin) seldom made except 
for iicst purposes because^ of the ('ixpense or labor involved. The Wheeler 
Gondenser and IGigiruKanng (k)mi)anyts ^Gndicating liot welU' offcrs a 
pra,(}ti(^n.l ajul sinqdc solui.ion of (‘continuously mc^asuring the (jondensed 
steaitu Th(‘. hot w('.ll is attached in the bottom of th(‘, condeus('.r 
(duimb(a‘ in tlu', usual way and differs from the ordinary hot wcdl only 
in th(^ addition of a vcai.ical partition. This partition dividers the hot 
W(dl chamber into two (jompartments. (Jondensatiou from the coxi- 
d(nH( 9 ' dniitm into one of tluisc^ (joinpartments and flows in the other 
(hrough a (‘,a.libra.(i(Hl orifuic. Tlu^ height* of wainr above the orifice as 
shown In tlu'- gang(‘. glass is an indication of th(^ W(aght of condensation 
flowing* By nutans of snitabh^. atta.(‘.hrtxents the rcuidings may b(^ 
ant*omaticafly rnnonhil and total(Ml Tlu^ manufacturers guarant(x^ an 
a.c(nirac.y wifiiin 2 por c(mfc of sca-k^ w(‘ight for readings over the wholes 
rangc\ 

40H. Htcwii Meters* - -Th<^ weight of fixiid flowing through an open- 
ing may calculatod by the ecpiation 


in which 


W - AyV, 


weight in pounds pen* stHH)nd, 

A c^.ross-Hcniional an^a in squares fe(i*, 
y rf density of ihn fluid, fKmnds pnr cuIh(*. foot, 
V Viicaity of flow, fee^t pea* senond. 


( 301 ) 
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All steam meters for indicating or recording the weight of steam 
flowing through a pipe are based upon the law expressed in equation 
(301). Thus, for steam of constant density the opening through which 
it flows may be made constant and the variation in velocity will be an 
indication of the rate of discharge; or the velocity may be held constant 
and a variation in the amount of opening will be an indication of the 
weight discharged. Unfortunately, the density of steam is seldom 
constant under commercial conditions and herein lies the inherent 
defect of all steam meters which depend for their operation upon a 
variation in the area of efflux or a variation in velocity. The density 
of steam is a function of its pressure and quality and any variation in 
either will affect the weight of discharge as determined from equation 
(301). Pressure variations may be automatically compensated for, but 
corrections for quality must be made in each specific case. 


Indirect 


Direct 


CLASSIFICATION OF STEAM ME110RS. 


Velocity 


[Throttling 


Pitot tube 


.( hirrcnt 


f Floating 
valve 


Stati<m<ary 

disk 


I Venturi 
I tube 


Iinpollor 

Water 

inanoineter 

Mf'rcury 

manometer 

Iinpt'ller 


j M(‘cliaiiical 
I control 


Mercury 

numomebir 

Bourdon 

manomebu' 


j Lindeuheim (1890)* 
I Gobbardt (19()(S)t 
i Buruhaiu (190r))t 
1 CJebhardt (1910) |* 

( G (moral 

< Ebctric (I91())*t*t 
( Republic I9l()'^t:|; 
Holly (1<S77)* 

■ St. Johns (I890)tt 
G(‘hre (1890)11: 
Ba<y(T (1902)11; 
Bendenum (1902) ft 
Sargimt (1908)t 
Lindmarkf.'l: 
Gehr(‘-IIallwau.hH 

(1907-!9!0)*t.t 

Sarco (H)l0)*tt 
, Bailt^y (1910)*t:|: 

I ICckardtH (l90J)tt 


MfTcury { Parenty (lHH0)t:|: 
manometer ] BiiihlfTs’ Iron 

( Foundry (19!0)t|: 


* Integrating. t Indicating. t Autographic. 


The different mcanB adopted for tnuiHruittioK thin arcui a-nd velocity 
vuriatioii to t/he mdioating or recording devi(?(^H ov(n*lap to Hueh an 
extent as to render a classifitiation of steam undiCU’s vmj imHal/isfac^tory. 
The accompanying chart is offered as a guide in grouping tlu'. most 
commonly known devices. From this chart il: will bo sc^en that all 
m(d;(u*s ma,y be grouped int^o general (jlaases, direct and indirect. Th(^. 
dir(M‘,t imd-er is tin integral part of the piping and entire mass of 
Iluid to l>c uH^a^stircHl passers through the apparatus. It is not portiible 
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and cannot be readily applied to pipes of different sizes. In the in- 
direct meter only a small part of the fluid to be measured is directed 
through the apparatus and the pipe line need not be disconnected for 
its installation. One instrument suitably calibrated may answer for 
any size of pipe. 

The average high-grade steam meter is a reliable and accurate means 
of measuring the flow of steam in straight lengths of pipes, provided 
the flow is continuous or that the change in the rate of flow is gradual 
and the pressure and quality are practically constant. For interrupted 
or intermittent flow and for sudden variations in pressure or quality, the 
results arc not reliable and may be considerably in error. The accu- 
racy of all meters, provided they have been correctly calibrated and 
adjusted, depends largely upon the degree of refinement in reading the 
indicators and in integrating the charts. The commercial failure of 
many steam meters is due to the fact that they are not cared for or 
operated in strict accordance with the principles of design. 

Only a few of the best-known meters will be described here. For a 
detailed discussion of the various types of steam meters see the author’s 
paper '^Various Types of Steam Meters,” Power, Feb. 6 and 13, 1912, 



Fuis. 557, 558, 550. Prituriplos of “G(I)hardt” Eridicating Steam McierB. 


^^GebhardV^ Bkmn — Figs. 557 to 5()() illustrate various 

forms of indi(iating st(‘4im nud;(^rs designed and tested at the Armour 
Institute^, of T(x;hrK)logy^ which are based on the principles of tlie 
Pitot tub(^. Rcrferring to Fig. 557, A and (7 arc two ordinary gauge 
cocks and G is a common gauge glass, C being connected witli the static 
nozzles 8 and A with tlie dytuimic*, tube 1), The height of water H is 
proportional i.o the squan^ of the velocity of’ steam Blowing through 
pipe P and automatically adjusts itself to the variations in velocity; 
thus, for decrcuising velodUes, the water in glass G discharges through 
/) until the water (jolumn II balances the velocity pressure in pipe P, 
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and for increasing velocities, condensation from the upper part of the 
instrument accumulates and the water column H rises until a balance 
is effected for the higher velocities. 



Fig. 560. Commercial Form of “G(I)harclt” Steam Meier. 


The relation between the licighi- of ihc wat(U’ (column and i-he v(^]ocily 
of the steam in the main pipe at the entrance to ihe dynamic*, tube may 
be determined from the well-known equation 


in which 


V = c V2 ilk, 


(:«)2) 


V = maximum velocity of flow, fecit pcir sexiond, 
c = cioefficient detcrmincid by cixpciriment, 

h == heiglit of a cjolumu of stciam cKpial in weight to tlm wat,cir 
column IL 


The ecpiation may be cixprcsscid 

in which 

K = cjoefficicmt dctormiiUHl by cixpcirirneni, 

II “ height of water ciolumn in inchets, 

dw = density of water in gauge’s glass, pounds pen* cul)i(i foot, 

ds ~ (bnsity of steam in ihci main pipei. 

Because of the lal)e)r of elciterminiug the relationsiiip betwexm thci 
me^an and thci maximum velocity for various conditionH of flow and 
diflerent pipe {lia.meit-eirH it is more satisfactory i,o cialibrate tlm gauge, 
by actual experimemt, to rexul dircictly in pounds per hour. 
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This simple device in connection with a calibrated scale gives readings 
within 5 per cent of condenser measurements for continuous flow and 
constant pressure and quality of steam (for velocity pressures corre- 
sponding to inch of water or more). For a considerable variation in 
pressure and quality or for marked changes in rate of flow the instru- 
ment is not reliable. Its sensitiveness is greater at high velocities, 
since the height of water column in the gauge glass increases with the 
square of the velocity of the steam in the main pipe. For interrupted 
flow, as when connected to a high-speed engine, the water column may 
I e made to closely approximate the mean velocity of suitably throttling 
the gauge cocks. 

Fig. 558 shows application of the same principle with only one con- 
nection to the main pipe. Under favorable conditions the commercial 
meter (Fig. 560) gives readings within 2 per cent of condenser weights 
for velocity pressures corresponding to 1 inch of water or more. Fig. 
559 shows another form which may be placed below or above the point 
in the main pipe at which the Pitot tubes are placed. The operation 
is as follows: Velocity pressure is transmitted through tube D and 
opening 0, into the body of the chamber M. This pressure, acting on 
the surface of the condensed steam in ihc chamber, forces the water 
into the glass W until a balance is ctfected. Gondensation is dis- 
charged (lontinuously ihrough pipe P and the water seal U of the main 
pipe. Tests of this meter have given re- 
sults agreeing within 2 per cent of con- 
denser measurements for continuous flow 
for all velocities ranging from iho eciuiva- 
leni of a 14nch to a lO-inch water column. 

No provision is made for automatic (‘.orreo 
tioti of pressure and (luality variation in 
any of tliesc devices. (For the tlu^ory and 
r(^-sults of tests of ihc Viioi type of sUuun 
meter see authorts paper ^^The Pitot T\ibc 
as a Rtcam McteiV' Trans. A.B.M.Ifl., Vol 
31, p. 603.) 

G4L Plow Metm, — All G-E. flow me- 
ters, witli th(‘. (exception of the- '^)rifico 
tubo^^ typ(^ for small pipe moH, dc^pemd for their operation upon th(^ 
displacermmt of a meixniry (iolunm by the difhnxuitial pressure action 
of a modified Pitot tube. Th<^ basic principle of operation is illus- 
trated in Fig. 561: 8 is the static? opening and D tlic dynamic opeti- 
ing; (7 is an ordinary U-t/ubc'. inanoni(it(?r partially filled with mercAiry. 
When there is no flow tlie surface of the mercury in columns N and IF 



Fia. 5GL Ihlot Tube with 
M(ir(;ury Manometi^r. 
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will be on the same level and the upper portion will be filled with con- 
densed steam. When there is a flow, the mercury will be depressed as 
indicated and the difference H will be a measure of the velocity of 
flow at the point in the pipe where the dynamic tube is placed. This 
velocity may be expressed by the equation 

V = K\Jh^, (302b) 

in which 

dm == density of mercury in lb. per cu. ft. 

Other notations as in equation (302a). 

A comparison of equations (302a) and (302b) will show that the mer- 
cury manometer is less sensitive than the water manometer by an amount 
equivalent to dm or approximately 13.6. The variable heip;his 

of the water column above the mercury is usually included in the value 
of the coefficient K. 

In all G-E. meters (the ^'orifice-tube’^ type excepted) the Pitot tube 
is given the form of a “nozzh plug” as shown in Fig. 5()2: arc the 



static openings or "trailing set” and LL the dynamic openings or "head- 
ing set.” The plug is screwed into the pip(^ with "kwling set” 
directly facing the current and the (iomuHd.ious i/O ihe mam)m(d.e.r a,r(^ 
made through the openings T and L. The manom(d.(U’ for t.lu^ "portable 
indicating” or laboratory device is shown in Fig. r)()3. Adjust, namts for 
variations in pressure, (piality, and pipe diameter thro nnwlc^ by scdl.ing 
the chart cylinder C in ace-ordance with the auxiliary S(‘.alc^ atl-achcul 
to the instrument. The meter may l)e used 1.0 nunisim^, flow unden* 
normal conditions in any number of different pipe linens, It, is only 
lUicessary to provide th<i pipers with the propen* size ami kitid of noMle 
plug or pipe reducer to which the meter vAin l)e (‘.otmectcKl 
Fig. 664 shows a section through the (J-E. indicating flow moUw 
which differs from, the simple poriabh^, device in that t/lic^ movement 
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of the mercury column is magnified by suitable mechanism. A small 
float resting on the top of the mercury in one leg of the U-tube is at- 
tached to a silk cord passing over a pulley; this cord is kept taut by 
a counterbalance weight acting in the opposite direction. The shaft 
on which the pulley is mounted carries a small horseshoe magnet with 
its pole faces near and parallel to the inside surface of a copper plug fas- 
tened to the body of the meter. A small magnet is mounted on pivot 
bearings in such a manner that its poles are near and parallel to the out- 
side surface of the copper plug, and its axis of rotation in line with the 



L J 


cm 


AdJu 0 tnKmfc.^ilt i 44 iiillVAdjuBtmont for 

for Qutthty I yj— A Dianaotor 

— I '^AdjuRtraoaP 
Adiu«tmont for 
JSoljyrJbit of Chart 


50.*^. (IciHTal Prii\(nplo9 of 
the (Mt hidi<‘.aiiiJg-(low Motor. 



lh<i. 504. HtKiiioo through (VE. Wtoam- 
Oow M(4/or. 


shall carrying the magnet itisidc the case. The in(U(‘-aiing needle is 
at/ta(^h<Hl directly to this magneiu By nutans of th(^ float and cord, the 
pulley C4irrying tlie magned; inside the l)ody is rotatcal in proportion i<o 
(*Iuuig(^ of kwel of the tnercury. Any motion of this magned is 
iransn[iiii.e<l inagrudically to the outside magnet cnriyiiig the indi(^aiing 
ikhmIIc'.. In easels wIuh'c the velocity is too low to be accurately measured 
with a nortnal vedexaty noi5/dc-plug, pipe rcchiccrs, as illusi/ratcal in Idg, 
Wif), are eanploycxl. 

The Indicating Recording^^ meter differs fnnn the simple in- 

di(iaiing <levi(‘.e just deseribed only in minor detail. The moveanent 
of tlie float is transmitted to the indicating needle a.nd recording pea) 
througli the agency of a rack and pinion In place of the cord and pulley. 
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The indicating needle is attached directly to the outside magnet but 
the recording pen is actuated by a sector which in turn is rotated by a 
small pinion on the shaft carrying the outside magnet. 

The ^^G-E. Indicating Recording, Integrating’^ 
meter is identical with the indicating-recording 
device with the exception that an integrating 
mechanism is attached to the sector actuating the 
recording pen. 

For pipes 2 inches or less in diameter the no/jJ^le 
plug is replaced by an 'b)rifice tube,” Fig. r)(H>, 
which is to all intents and purposes a Venturi i,ube. 

Fig. 507 gives a diagrammaticj outline of 
counting mechanism of a European steam mdea’ 
which serves to illustrate the basic principle of ihc 
G-E. integrating attachmeni . R is a small fridlon 
wheel mounted on the pen arm a and connected to gcuirs c and d by the 
small shaft m; P is a clock-driven disk in contad- with thc^, fridion wlicd 
R. As the pen arm moves the wheel R in and out from t»lu^, cemten' of 
disk P, the speed of the small friction wheel is (kunt^ased or in<n’ea,s(Kl 
accordingly. The revolutions of R are transmit(^<Ml to tin's intc^graihig 
mechanism e so that the total flow maybe n^a-d dii'cnlty from the dials. 



Pig. 565. Reducing 
Nozzle. 



Fi(}. 560. (i-E. ()ri(icc-tubo 
Steam 



Fig, 507. (^nuaiitig McchnniHms for 
Steam Meiers, 


Sinco tlie pen arm or its cciuivalent in tlie (}-E. imdor does not, move 
dinmtly proportional to th(^ vdocity of th(^ steam it is n(*c<HHa,ry to cen*- 
red/ its tnovement. by nu'ans of a cam so tliai. this nwtili may b<' dbmkHb 
liepublie Flow Meter. - -This mehen* is of tlu^ Pitot inbt\ and menairy 
mariomdnr tyi)e but* <liffcrH radically from tlie G-E. <kwicc\H in the 
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manner of utilizing the displacement of the mercury columns for in- 
dicating, recording, and integrating purposes. 

The principles of operation are illustrated in Fig. 568; Ci, Ca, Cz are 
electric conductors, of var 3 riiig length. As the mercury in the static 



5()S. Pundamciital Principles of the*. Republic Plow Meter. 

l(^g of tlio manometer rises it makes successive contact with these con- 
diKjtors. The resistance of each conductor is such that a constant 
elcHjt/romotivo force impressed upon th('. circaiit will (‘,ause a current ^to 
flow through the (conductor directly proportional to the flow of steam 
in the pipe. Any suiliahk^. a,ixuueter a.nd watthour meti(U‘ ^Ilay there- 
fore he used for in(li(*niing, recording, an<l totaling the weight of steam 
flowing through the i)ipe. 

Fig. 569 shows tlie general assembly of the Pitot tubes or 
hoUler” as used iti tlie (‘commercial instrument, and Fig. 570 shows a 



section through the meter body. Eoferring to Fig. 569 it will be seen 
that th(‘. dynamic*, and static ekunents are plain (*.ylindricuil tulxB with 
bcwokal (aids and pla(*od side by side as iu(li(*.alo(L This hcvcTmg of 
(UuIh insurers the ncH'Ossary pressure differeiute for actuating the 
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manometer. Referring to Fig. 570 



Fig. 570. Section through Body of 
Republic Flow Meter. 


, the conductors consist of a large 
number of small steel rods of vary- 
ing length, the lower ends of which 
when in contact with the mercury 
form one end of the circuit; and 
the upper ends in series with in- 
dividual resistance coils are con- 
nected to a common terminal post 
to form the other end of iho cir- 
cuit. The conductors and rcvsist;- 
ances arc insulated by means of 
oil which entirely fills the '^;on- 
tact chamber'' above the mercury 
and also the annular chamber be- 
tween the meter body and contact, 
chamber. This prevcnits wat,er 
and foreign substances from r(',a(‘b- 
ing the conta(‘,t rods. A small 
rotary converter (for dirc(d/-cun’ent. 
supply) ora small transfornuu’ (for 
alternaling-(‘Ain*ent. supply) fur- 
nishes the uec^ossary currcnii under 
a pressure of 40 voli/S for iud/uat- 


ing the various measuring instruments. The maximum cnirretit (Uunand 


is approximately one ampere. The particular filature of tiiis nudicr is 



Fig. 57.L Typiiuil Arrangi^moiit of Ri^public Flow Mohir in a Hix-unit 

Boiler Plant, 
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that the reading dials can be located at any point with respect to the 
meter body and at any distance from the pipe. Fig. 571 shows a dia- 
grammatic arrangement of a typical installation. The Pitot tubes and 
meter bodies are connected in the boiler outlet. The indicators are 
mounted on the boiler fronts and show the rate of evaporation. The 
board located in the office of the chief engineer includes one indicator, 
integrator, and recorder, and is equipped with suitable switches so that 
the performance of any boiler may be observed at any time. 

SL J ohns Steam Meter, — In the groups of meters described above 
the indicating and recording mechanism is actuated by the natural 
velocity of the steam. In the St. Johns, Bailey, Gehre-Hallwachs, 
Storrer, Eckardt, and Venturi steam meters the velocity is increased by 
throttling and the pressure drop is utilized in actuating the mechanism. 
The weight of steam flowing through the orifice may be calculated from 
the following modification of equations (301) and (302) : 

(303) 

in which 

W = pounds discharged per second, 

A = area of the orifice, square feet, 

K ~ coefficient determined by experiment and includes the density 
of the steam, 

Pi an<l pi = pressure on the upper and 
lower side of the orifice, pounds 
per square inch. 

In some of the meters the pressure drop 
pi — p 2 maintained constant and the vari- 
ation in tihe area A actuates the indicating 
mechanism, and in others the area is made 
constant and the variation in pressure drop 
opc^raiics the mechanism. 

Bdg. 572 represents a section through a 
Rt. Johns st(^.am motor, illustrating the 
tlirottling typo with a floating valve. This 
nuiter was placed on the market 20 years ago 
mul still finds favor with many engineers. It 
r(K 5 ords iJic wedght of st(‘iim passing through 
Uie seat of an automaticially lifting valve 
which rises and hdls as tlio demand for steam increases or diminishes* 

lieferring to the illustration, valve V is weighted so that a pressure 
in spacer A of 2 pounds grc^4iter than iir B is necessary to raise the vahm 
off its seat. This pressure dilforenoe is constant for all i'K)sitions of the 
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valve. The plug is tapered so that the rise of the steam pressure is 
directly proportional to the volume of steam flowing through the seat. 
The movement of the valve is transmitted through suitable levers to an 
indicating dial and a recording pen so that the instantaneous and con- 
tinuous rate of flow may be read at a glance. For a given pressure 
and quality of steam, the indicating dial and chart may be calibrated 
to read the weight of discharge directly, corrections being made for 
variations in pressure and quality. The manufacturers guarantee the 
readings of the chart to be within 2 per cent of condenser measurements 
for a total pressure range of 10 pounds from the mean pressure at which 
the chart is calibrated. 

The chief drawback to this instrument is inherent to all meters of the 
direct type in that they are bulky and the steam line must be taken down 
for the installation. The total hourly flow may be obtained by inte- 
grating the curve. Tests of this meter made by the author were in 
accordance with the guarantee of the manufacturer for continuous flow 
and for moderate changes in the rate of flow. For rapid fluc^tuatious in 
flow the results were not so satisfactory, the greater error lying in the 
difficulty of integrating the curve correctly. 



Fia. r>7Jl Section through M<^t(ir Body of a Baik^y Fluid 

Baile^y Fluid Meter. ~ Fig. 573 shows a section through llic^ manom- 
eter body of li Baikiy st.eam motor. An orilico placcnl in the steam 
line at a suitable point cdfcKits th(^ mwoHsary f)ressure drop for actuating 
tlie mechanism. Th(‘, higher pressure is applied at Pi and the lower 
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pressure at Pi through small tubes or pipes. The interior of the “bell 
casing” is subjected to pressure Pi and the interior of the mercury 
sealed “bell” is subjected to the higher pressure Pi. This difference 
in pressure pushes the bell upward and as it rises from the mercury the 
change in the buoyant action of the mercury on the walls of the bell 
balances the force due to the pressure difference. By varying the 
area of the beU and the thickness of its walls any desired motion can 
be imparted to the bell. The displacement of the bell is a measure 
of the weight of steam flowing and its motion may be transmitted 
through suitable linkage to recording or integrating attachments. 

The “Bailey Boiler Meter” is a combination of the Bailey draft 
gauge (Fig. 577), Bailey steam meter and a recording thermometer. 
By this combination the differences in draft between furnace and ash 
pit, furnace and uptake, temperature of the steam and rate of steam 
flow can be simultaneously recorded on a single clock-driven chart. 
This instrument is compact and easily applied. When correctly in- 
terpreted the records are of great as.sistanco in regulating the rate of 
air supply to the furnace and in controlling the thickness of fire. 

409. Pressure Gauges. — The Bourdon type of gauge, cither auto- 
giuphic or indicating (Pig. 574), is the most familiar and satisfactory 
moans, of measuring pressures up to 1500 
pounds per square inch or more, although 
diaphragm gauges arc also used and bolb 
arc employed as vacuum gauges. For the 
latter purpose, however, the mercurial 
vacuum gauge has the advantage of greater 
ac(!uracy and is not subject to deraug('.- 
ment. Bourdon gauges should be freciuenily 
si/andardiKcd by comparison with a gauge 
of known accmracy, a mercury column, or 
a gauge tester. 

For measuring very low pressures, siuih bourdon Proasuro 

as are found in boiler flues or gas mains, Gau^!. 

indi(!aiiug or recording diaphragm gauges may be had, but some 
form of U-tube manometer is generally employed, the design host 
adapted to the purpose depemding upon the accuracy reciuired. The 
simple IT-tubc (Fig. 575), when filled with mercury, may be used for 
pnissures limited only by the incoavenienco due to length of tubes, or 
with water as the fluid, for pnissures only a fraction of an ounce per 
scpiaro inch. Whore greater accuracy is required than can be obtained 
with tire sinqfle IJ-tulxr, some modification may b(‘, (unployed, such as 
Ilur Ellison draft gauge with one iiuilined leg which magnifies the reading 
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several times. A form of sensitive gauge is sometimes used which 
depends upon the use of two fluids of different specific gravity, as oil 
and water. 

The Blonck Boiler Efficiency Meter, Fig. 576, consists essentially of 
two differential draft gauges, one connected between the ash pit and 



Fig. 575. Different Forms of Manometer Pressure Gauges. 


furnace and the other between the furnace and the breeching on the 
boiler side of the damper. In the indicating device the lower gauges 
(showing the pressure drop through the fuel bed) is Ruppli(^(l with rc^l 
colored oil, and the upper gauge (showing the pressure; drop l)(;tw(;(nii 
furnace and damper) is supplied with l)lue colored oil. The; Headings of 
each gauge and the difference in readings betwecui both gangers an', 
indications of the furnace pcrfonnanco and offer a nutans of schuitifi- 
cally controlling the ‘depth of fire, air supply, and rate, of (combustion. 



Hliding pointers (enable the fireman to fix the draft indiccations hmt 
suited for the pardeular (xjuipinent and (conditions of oixeratiom lliis 
devi(;{e is also made r(H*or{ling. 

A simphe yed atcemraiv insl.rimmnt for mceasuring and reneording v(uy 
low pnesHures or a. small pnessurce diffc^rcauce is shown diagrairnriaticmlly 
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in Fig. 577. Two bells A and B are suspended from opposite ends 
of a beam (which is pivoted on knife edge bearings) and are partly sub- 
merged in a light non-volatile oil as indicated. In measuring pressures 
less than atmospheric, connection is made at P 2 and Pi is left open to 
the atmosphere. For pressures above atmospheric, connection is made 
at Pi and P 2 is left open. For measuring the difference of two pressures 
the higher pressure is applied at Pi and the lower at Pi. If a slight 
suction pressure is applied at P 2 it is effective over the inside area of 
bell A and pulls it down into the liquid. The relative motion between 
bells A and B is transmitted through 
levers L and pen arm P to the re- 
corder pen. This instrument may be 
designed io record pressures or pres- 
sure differemee as low as one one- 
thousandth of an inch of water. 

410. Measurement of Temperature. 

— For power-plant purposes mercu- 
rial thermometicrs an' most conven- 
ient for nnuisuring t^emperatures up 
to 400 deg. fahr., and are inexpen- 
sive. For higluu’ temperatnre, up to 
say 800 deg. fahr., Uiey are also 
adapted, bui. must be made of special 
glass and Uie space above the mer- 
enry filled with nii/rogxm under pr(',s- 
sure to prevent vapori^sai.ion of ilu^ 
mercury, Huch thermometers must, 
be us(hI intelligently and should be 
Htan(lardi;5e(l from tiitu^ to tinu'., sin(‘.e 
they are subj(H*.t to (‘-onsiderable (‘-hange. The Bureau of Htandanls at 
Washington, D, G., is pn'.pared to furnish certificates for which a 
nominal charge is mad(‘. 

Fig. 578 shows a form of ilunatiomeUn* whi<4i is much used wliere a 
continuous autographic*, nu^ord is rcxiuired. It depends for its opc'.ration 
upon th(^ presstin'. i)rodu(HMl by a fluid, liciuid or gaseous, contained in 
a small bulb and (exposed t-o the temperature to be measured. The 
pressure', is trausmittcHl to the recorditig mechanism iRrough a flcmhlo 
(Uipilhiry tube which nniy be of ('.onsiderable bngth. BucR thcu'moiti- 
c4}ers are suitable for fecMl waf»('.r, flue gas, and temperatures not 
ing 1000 deg. fahr. 

Fig* 579 illustrates a form of eleciri(‘.al pyrometer employing tlu'-rmo- 
coui)leH which has (‘.onu'. into wide use as a reliable means of measuring 



Gauge'. 
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Fict. 579. Bristol Thortixo-iskictric PyrotiMitor. 
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temperatures up to 2600 deg. fahr. The couples most frequently used 
are composed of platinum and platinum-rhodium, platinum and plati- 
num-iridium, copper and copper-constantan, and copper and nickel, 



Fig. 580. Element for Callendar Resistance Pyrometer. 


the first named being adapted to the higher ranges of temperature. 
The electromotive force set up, when the thermo-junction is heated, is 
proportional to the temperature and is measured by means of a sensitive 
milli voltmeter which is usually graduated to read temperature directly. 
Therino-couples may be made to give an autographic record by means of 
a thread recorder. 

Fig. 580 shows the element of an electrical thermometer based upon 
the change in resistance of a platinum wire when subjected to change 



Fw. 581. Wanner Optical Pyrometer in Positiion for Standardiziing. 


in temperature. The resistance, in tmxm of temperature, is measured 
by a Whipple indicator^ a convenient and portables form of Wheatr 
stone bridge, or may be autographieally recorded by means of a Callen- 
dar recorder. Resistamje thermometers of tins typo arc very sensiiAve 
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and accurate, not easily deranged, and are limited in range only by the 
fusing points of the platinum and the porcelain protecting sheath. 

For higher temperatures and for obtaining the temperatures of in- 
closed spaces above about 900 deg. fahr., such as boiler furnaces, an- 
nealing ovens, and kilns, various forms of optical and radiation pyrom- 
eters have been devised. In such devices no part of the instrument is 
exposed to the temperature to be measured and hence suffers no injury 
from this cause. Optical pyrometers are based upon the measui'c- 
ment of the brightness of the hot body by comparison with a standard. 
The Wanner optical pyrometer is shown in Fig. 581. After standard- 
izing by comparison with an amyl-acctate lamp, it is only necessary to 
focus the instrument upon the source of heat to be measured and the 
temperature is read on the graduated scale. 

Radiation pyrometers depend upon the measurement of the heat/ 
radiated from the hot body. The F6ry radiation pyrometer, Fig. 582, 



is the best-known instrument of i.lhs type. Wlum focuscHl upon the 
source of heat a cone of rays of definite angles is rcdlected hy nanins of 
the mirror upon a thermo-couple located in it-s focus, Tlu'; eUnd-romotive 
force set up is measured in terms of tiie temperat/im^ of tin’s sourc^e. of iu^at 
by a rnillivoltmeter. Neither tlu^ (*x)uple nor any part of iho itisi.runumt. 
is ever subjected to a temperature much abovt^, 150 d(‘g, fniir. Odn? 
indi(;ations are practically independent of the distaiUH^, from the sources 
of heat, and the range is without limit. 

The Uehling pyrometer depends for its operation upon ilu’s flow of gas 
betwexm 1/WO aperf/urevs, thus: Air is coutiuuously drawn through two 
aperturexs hy a (ionsiant suction prodmxxl by an aspirai/or. Bo long as 
the air has the same temperature*, in passing through t/hew^ orifkjcvH Ihcux^ 
is no (diangci in tlu^ partial vacuum in the chatnhcu* Ixd/ween thc^.m; if, 
howewe^r, the air passing through the first opening hhn a highc^r t<an- 
peraf.ure tluin tliad passing through the sexanid, tlie vacuum in the 
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chamber will increase in proportion to the difference in temperature 
since the volume of air varies directly with the temperature. In the 
application of this principle, the first aperture is located in a nickel 
tube which is exposed to the heat to be measured, while the second ap- 
erture is kept at a uniform lower temperature. This style of pyrom- 
eter is made to indicate and record and the indicating and recording 
mechanism can be placed at a distance from the main instrument. 

TABLE 131. 

TYPES OF THERMOMETERS IN GENERAL USE. 


Principle of Operation. 

Type. 

Expansion 

. . Those depending on the 

nn.R , „ ^ 


change in volume or 

Mercury, Jena glass, 


length of a body with 

and nitrogen. 


temperature. 

Glass and petrol ether. 

Unequal expansion of 
metal rods. 

Transpiration and vis- Those depending on the 

The Uehliiig 

cosity. 

flow of gases through 
capillary tubes or small 
apertures. 


Thcrrno-electric ... 

. , .Those depending on the 
electro- motive force 

developed by the dif- 
ference in temperature 
of two similar thermo- 
electric junctions op- 
posed to one another. 

Galvanometric 

Electric resistance, . , 

, . .Those utilizing the in- 

Direct reading on indi- 


crease in electric resist- 

cator or bridge and 


anco of a wiro with 
temperature. 

gaivanomoter. 

Radiation 

. . .Those d(‘, ponding on the 

Thermo-couple in focus 


heat radiated by liot 

of mirror. 


bodies. 

Bolometer 

Optical 

, , .Those utilizing the 

Pliotoraetric compari- 


change in tlio bright- 

son. 


ness or in tins wave 

Incandoscont filament 


length of tiio Hglit 

in telescope. 


cmitt(jd by m Incan- 

Nicol with quartz plate 


desci^ut body. 

and analyzer. 

Dalorimctrto. 

. .Those depending on tlie 

platinum ball with 


speciilc heat of a body 
raised to a high tem- 
ptiralure. 

watesr vessel. 

Fusion 

, . . Those depending on the 

Alloys of varioTW fusi- 


unequal fualbillty of 
various metals or 
earthenware blocks of 
varied eomposiUon. 

bilities. (Reger con®».) 


Range in Deg.Fahr. 
for which they 
can be used. 


— 400 to 4-2900 
-35 to 4-950 

— 325 to 4-100 
0 to 950 

0 to 2900 


— 400 to 4-2900 


— 400 to4-2200 


300 to 4000 
— 400 to Sun 


HOO to Sun 


32 to 3000 


32 to 3350 
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Table 134 embodies in outline the principles and temperature ranges 
of the various types of thermometers in use. Temperature ranges 
verified by U. S. Bureau of Standards. 

Modern Methods of Temperature Measurements: Cassier’s Mag., June, 1909, p. 
99. High Temperature Measurements: Eng. and Min. Jour., Sept. 2, 1911, p. 447; 
Power, Aug, 2, 1910, p. 1376; Engineering, Feb. 9, 1912, Bui. No. 2, Bureau of 
Standards. 


4:11. Power Measurements. — Instruments for the ineasureinent of power 
may be divided into two general classes, direct and indirect. The former 
involve the direct measurement of force and linear velocity or torc^ue 
and angular velocity and the latter give the equivalent in other forms 
of energy. Direct power measuring appliances include the various 
speed indicators, transmission and absorption dynamometers, and the 
indirect include ammeters, voltmeters, watt-hour meters, boiler flow 
meters, and the like. In all power measurements the tinu^, or speed 
factor is readily determined but the force or torque factor, or (xiuivalentf, 
often involves considerable labor and the use of costly and (‘,ompli(*,ated 
apparatus. The various conversion fa(d-ors for the ineasun^iumL of 
work, power, and duty arc given in Apfxuidix E. 

412. Measurement of Speed. — The following chart gives a (Lissi- 
fication of a number of well-known iustruuKUiis for d(J,ermining linear 
and angular velocities. 


Counters 


Tacihometer or 
Speed Iiidicutors 


Ilund 

CouiinuotiH 
Centrifugal . 
I<]I(?ctri(^al. 


I Worm and WheG. 

j Gear Train. 

\ Electrical 
i WeightH, 

I JJquidH. 


R(^H(>nan(H^ 


I ErahnpH. 


Cliroriograph 


El(‘ctromagni(4.ic 
Tuning Fork, 


The most comtnouly used (levi(*n! for speed d(4(unninations is tho hand 
speed counter^ consisting of a worm, worm wlnud, and irulit^allng dials. 
The errors to be correcte<l are principally ihose duc^ to slipping of (he 
point on the shaft, and to th(‘. slip of th(^. gears in thcs (*.ouuting dcwic(», 
in putting in and out of operation. In some of l>ett(n’ gnuk^ of in- 
strumcuits the gea,rs are caigaged or disetigaged with tlu^ point in c*on- 
tacit witli th(^ shaft. In the lather design a stop watcih, act.ua( 4 Ml by thc^ 
disengagement gcuir, minimkeH iha cuTor likc^ly U> omir in hand manipu- 
lation. 

The cofUlnuom counter cionsists of a scnic^s of gemrs arrangcul t.o opc^r- 
atn a set of indicating dials. It may be operated by eithc^r rotitry or 
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reciprocating motion. The rate of rotation is calculated from the read- 
ings of the counter. 

All tachometers indicate directly the speed of the machine to which 
they are attached and are independent of time determination. The 
most commonly used devices depend upon the centrifugal force of re- 
volving weights for their operation. The indicating needle is at- 
tached to the weights in such a manner that the number of revolutions 
per minute is read directly from the position of the needle on the dial. 
These instruments should be calibrated for accurate work because of 
the number of wearing parts. 

Liquid tachometers consist essentially of small centrifugal pumps dis- 
charging into a vertical tube. The height of the indicating column is 
a function of the speed of rotation. 

Electrical tachometers are miniature dynamos, the voltage being a 
measure of the speed of rotation. These instruments arc accurate and 
readily attached but necessitate the use of a delicate and costly volt- 
meter. The indicating mechanism may be placed at any distance from 
the small dynamo and in this respect has a marked advantage over the 
other types of speed indicators. 

The resonance tachometer affords a convenient method of measuring 
speeds over a wide range. It consists of a number of si, cel reeds of dif- 
ferent periodicity mounted side by side on a suitable frame. When 
used to measure the speed of an engine or turbine the instrument is 
placed on or near the bed plates and the slight under or over balance 
causes the proper reed to vibrate in unison. 

UX steam-engine Indicators. — This subject has been extensively 
tre^at/od by various authorities and a gcncu’al discussion would be with- 
out purpose. For indicated horsepower^ testing indicator springs, and 
analysis or indicator diagrams see Rules for Conducting Steam Engine 
Tests/^ A.S.M.E. Code of 1915 . 

414. Dynamometers. ~ Dynamometers for measuring power arc of 
two distinct types, absorption and transmission. In the former the 
powcu’ is absorl)ed or convert, (ul into cmergy of another form while in 
the latter the powcu* is transmitted through tho apparatus without loss, 
except for minor friction losses in t,he mechanism iiiself. 

Tlie ordinary Prony Brake is the tnost common form of absorption 
dynamometer. In the various forms of Prony brakes the power is 
al)Borbe(l by a friction l>rak(^ applied to t/be rim of a pulley. For low 
rub!)ing speeds and comparatively small powers it affords a simple and 
inexpensive means of measuring the actual output. 

The Alden al)sorption dynamotnetcr is a suc(‘,CHsful form of friction 
brake and has a wide field of application. It has been constiaiotod in 
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large sizes and is adapted to all practical ranges of speed. For a descrip- 
tion of rope brakes and the Alden absorption dynamometers see Ap- 
pendix No. 19, p. 179, A.S.M.E. Code of 1915. 

Water brakes are finding much favor with engineers for high-speed 
service. There are two types, the Westinghouse and tiie Stiimpf. In 
the former the rotor consists of a simple drum with serrated periphery 
revolving in a simple casing, the inner surface of which is serrated in 
a manner similar to the rotor. The resistance is produced l)y friction 
and impact, and the power is converted into heat which is carried away 
by the circulating water. The casing is free to turn about the shaft- 
but is held against rotation by a lever arm. The torques of the lever 
arm is determined as in a Prony brake, A brake of this design, 2 feci- 
in diameter and 10 inches wide, will absorb about 3000 hors(q)()wer at 
3500 r.p.m. In the Stumpf type the rotor consists of a numl)er of 
smooth disks mounted side by side on a common shaft-. The (‘-a-sing is 
divided, into a number of compartments corresponding to tlie division 
of the rotor. There is no contact between rotor and casing. Tlu^ 
friction between the disks and water and the water a-nd (;a-sing tends 
to rotate the latter and the torque is measured in t-he usual way. In 
either type the power output is readily controlh^l by tlu^ wa.t{a’ supply. 

Pump brakes and fan brakes are also used a-s a-bsoiption dymimomet(‘,rs. 
The latter arc commonly used in connection wi(-h a,utomobile engine 
tesiing. 

Electromagnetic brakes are occasionally us(hI for power nnaisuixatuad-s. 
They consist essentially of a metal disk or wh(',el nwolving in a. mag- 
netic field. The resistance or <lrag tends to nwolve th(‘ field casing 
and the torque is measuixMl in the usual way. 

An electric generat-or mounted on knifes e<lges forms the ba-sis of tlu^ 
Sprague electric dynamonud-er. Tlie primt‘ rtit)V(a’ <h‘iv('s the arma-turt^ 
of the generator and the reaci-ion Ixdween artuatun^ a-nd fEld is connhu’- 
balanced by suitable weights. Th<‘ output, is convtanenily r(^gulat-(‘d 
by a water rheostat. 

7'^ramndssion dynamonieters are s(d<lom us(hI fin* tcvstrmg prim(‘, moveu’s 
and ar(^ ordiiiarily limited to small power measurements. In sonn^ in- 
stanc(vs, however, as in marine service, t-rausirnssion dyna-monu^t.cu’s afford 
the only pra-ciical means of approximating the md- powcu* deliv(U*<xl to 
i-he propcdler. For comparatively sttiall power nu^a-surements may be 
rneniioiuHl the Morin, Kennersou, Durand, Lewis, Weddxu*, and Emerson 
tra-nsmission dyna-mometers, and for large pow<‘.rs, the Dtnmy and 
Johnson (d(Hd.ri(‘-}d torsion nud-er and th(‘. Ifopkinson optical torsion 
itud-<a*. For (hd.ail(Ml d(»H(a*i|)tionH of t.lnsse applia-iux's (‘.onsnlt “Fkperi- 
mentaJ Engineering,^^ ( krpejiter and Diederichs, (Jhap. X, 
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415. Flue Gas Analysis. — It has been shown (paragraph 22) that 
the products of combustion, commonly called flue gases, resulting from 
the complete oxidation of coal with theoretical air supply consist chiefly 
of nitrogen and carbon dioxide, with lesser amounts of water vapor and 
sulphur dioxide. It was also shown that with a deficient air supply 
the flue gases may contain carbon monoxide and varying amounts of 
hydrocarbon. If excess air was used in the combustion of the fuel free 
oxygen would be present in the gases. Evidently an analysis of the 
flue gases offers a basis for judging the efficiency of combustion. The 
first step in the analysis and the most important one is the obtaining 
of a representative sample. Since the gases in the breeching and flues 
may be far from homogeneous great 

care must l)e exercised in getting a ITJ 

true average sample. (See Appara- p llIL 

tu8 and Methods for Sampling and 
Analysis of Furnace Gases, U. S. Bu- 

reau of Mines, Bui. No. 12, 1911.) h IT 1 

The analysis as ordinarily made // 1 1 y 

in commercial practice is called vol- j ^ I ^ \l 

umetric, although in reality it is // I ^ 

based upon the determination of // mII i u 

partial pressures. According to 1/ IJllllll® sW 

DalioiPs laws when a number of jj ll 

gases arc confined in a given space ^ |i’ P o 11 

each gas oc(;upies i-hc total volume I 
at its own partial pressure, and the ® 
tol/al pressure is iho sum of all 
th('- partial pressurevs. When one of 

,1 'Till “j 1 1 t'ui. 583. Standard Orsat Apparatus 

the piHos IH abHorbe<l by a siutablc>, ‘ 

rtuHlniin and the remanunf? siiw-w 

ar(i comprcHsed bac.k to tlus original total preasuro, a volume deeroase is 
found, and if tin? teinp(^ratui'o reniainH oouHtant this de(;reaHC repreaeuts 
the volume abHorbed. 

The api)aratuM UHually etnploy(id for volumetric analyHis consists of 
a graduated measuring tiube into whie.h the gases are drawn and acicu- 
rately measured under a giv(ui pnwsure, and a series of treating tubes, 
containing thci necicssary absorbing reagrsnts, into which they are trans- 
ferred until absorption is (iomidote. The Ormt apparatm, Fig. 583, 
forms the basis of nearly all of the portable appliances on the market 
for analysing flue gases and th(i ordinary products of combustion. In 
this apparatus a measured volunu^, representing an average sample of 
the gas, is forced succ-essively through fiipottos (jontaining solutions of 


HKi. Standard Orsat Ai)paratus 
ff)r Flue Gan Analysis. 
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caustic potash, pyrogallic acid and cuprous chloride in hydrochloric 
acid, respectively, thus absorbing the carbon dioxide, the oxygen and 
the carbon monoxide, the contraction of volume being measured in each 
case. The apparatus as originally constructed is 
bulky and fragile and slow in its absorption of gas. 

The Hempel Apparatus works on the same prin- 
ciple as the simple form of Orsat apparatus de- 
scribed, so far as the latter is applicable, excepting 
that the absorption may be hastened by shaking 
the pipettes bodily, bringing the chemical into 
most intimate contact with the gas. It is less pori,- 
able and in some particulars it requires more (‘-are- 
Fig. 584. Hempel manipulation than the Orsat, whil(‘- for general 
Pipette. analysis it is not adapted unk^ss us(xl in a well- 

equipped chemical laboratory. The absorption pipettcis are mad(‘- in 
sets which are shaped in the form of globes, and a number of independ- 
ent sets are required for the treatment of the diffenmt (ioustituent gases. 
A simple pipette of the Hempel type is shown in Fig. 584. 

The Williams Improved Gas Apparatus is a marked improvcmmnt 
over the standard Orsat in that the obj(H‘-iions cii-ed a,bov(^ am obvi- 
ated. In addition to th(^ (‘hmination of t-h(ss(‘. objcH'tionabk^ Ibaimvs 




provision is made? in the Model type, for the d(4.(a*mina(4,(>n of 
illuniirumts, hydrogxai and nu^.thane. along with iluw nuait.ioned 
abov(‘* Referring to Fig. 585, A, H, (% and D arc^ pipcU.R'S (*,outaining 
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the necessary reagents for absorbing, respectively, CO 2 , illuminants, O 2 , 
and CO. M is a graduated measuring flask connected at the bottom 
with water-level bottle W and at the top with the various pipettes. F 
is a hard rubber pump for taking gas sample directly from the source of 
supply, thereby eliminating the inaccuracy and annoyance of collection 
over water and transference. P is a portable case containing a spark 
coil and batteries for exploding the methane and hydrogen remaining 
in the burette after the other constituents have been removed. When 
extreme accuracy is desired mercury is used as the displacement medium 
in the leveling bottle since water absorbs CO 2 to a certain extent. For 
a complete description of this apparatus with sample calculations see 
paper read by F. M. Williams before Division of Industrial Chemists 
and Chemical Engineers, American Chemical Society, Washington, 
D. C., Dec. 28, 1911. 

^^LililcF Modified Orsat Apparatus. — Fig. 586 illustrates a modified 
Orsai a-pparatus as used by the Arthur D. Little Company of Boston, 



Fr«. 58(1 Modified Ornat Apparatus. — Arthur D. Little Go. 


Mass. Th(^, right half of the device is the ordinary Orsat apparatus 
and the left portion constitutes the sampling attachment. The gases 
ar(^ drawn from the sourcjc of supply through rubber tul )0 (2) into the 
sampling pipette (3) and out through rubl)er tube (1) i-o the aspirator. 
The latter may bo operated by steam or wal<er. When a sample is 
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being collected the three-way cock on the glass header is closed and the 
mercury in the sampling tube (4) is allowed to drain through the movable 
overflow into the mercury retainer. The overflow is lowered at a 
constant rate by clockwork. Two driving pulleys afford seven different 
rates of movement downward of the overflow, thereby enabling a con- 
tinuous sample to be collected at constant rate over any period from 
I to 24 hours. Instantaneous samples may be drawn off and analyzed 

as often as desired and with 
practically no delay to the con- 
tinuous sample. For further 
details see Power, July 16, 1912, 
p. 77. 

For many practical purpos(^s 
it is sufficient to determine the 
carbon dioxide, A number of 
satisfactory appliances arc', on 
the market which give continu- 
ous autographic recoi'ds of the 
percentage of (Xlo on clock- 
driven charts. Thc^sc devic'C'S, 
howewer, arc', rather expensive^ 
and usually beyond thc' appro- 
priation of small boiler plants. 

Hlnivhmicc’-A bady CO^ /fc- 
carder. — Fig. 587 illustraJcvs tlu': 
gc^ueral prin(upl('.s of tlu'; 
mmicc’-A bady C(h Recorder. Thc^. 
opcn’atiou is as follows: A c'.on- 
tinuous st, regain of waJer c'nt,ers 
msc'rvoir K through illicit X 
and overflow at 0. A portion 
of the strc^a,m (lows into tatik 
A thrcHigh pipc^ F and cumsc^s 
bell float B to rise. As the float risers it pc'.rmits bcfll I) of thc' c^x- 
tractor to fall When, float B ix^acdu^s (he top of itiS st.rokc^ it raises 
valves stem i?, trips tlio valve and cumsew t.h<^ watcu' i,o siphon out 
of tank A through siphon tube (i The lowcaiug of the'. wal,c'.r Icwc'l 
allows the hdl to sink. As it falls it draws up the. watcnssc^dcHl 
ex(/ra(^t.or bcfll D and c:reaios a partial vacuum tmder thci lattcu'. Flue 
gas t.hen flows froiu the sourc'.e of supply through P and II into the', bc'll. 
Tlie mass of water clischargc'.d from siphon tube 0 into the', small vemfl 
V bcaic^ath it ovcu’ciomcs t/lio csountarwc'lgiit Q aiid cjIohoh ihe^ balanca’^ 



Fig. 587. Simmauce-Abady V>ih R('(K)nl(*r. 
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valve H, thereby entrapping a fixed volume of gas in the extractor bell. 
The stream of water which is continually flowing into tank A causes the 
float B to rise and the bell D to sink, as before. The lowering of bell D 
forces the entrapped flue gas through the caustic potash solution in 
vessel M into water-sealed recorder bell J. The displacement of bell 
J will be less than that of bell D by the volume of CO 2 absorbed in 
vessel M. The percentage of CO 2 in the flue gas is thus indicated by 
the position of the bell J with reference to the graduated scale N. The 
pen mechanism is attached to bell J and records the percentage of CO 2 
by the length of lines on a clock-driven chart. These samples are 
analyzed and the lines are drawn at three-minute intervals. The small 
water aspirator at X is for the pur- 
pose of exhausting gas continuously 
from the pipes connecting the re- 
corder to the boiler, thereby insuring 
true samples at the time of absorp- 
tion, Auxiliary pipe P is connected 
to main gas lead P. 

The Uehling Composimeter is an- 
ollier successful instrument for con- 
tinuously recording the percentage of 
(X )2 in the flue gas. The principles 
of this apparatus arc illustrated in 
Fig. 588, The device consists pri- 
nuirily of a filter, absorption cham- 
ber, two orifices, A and R, and a 
small steam aspirator. Gas is drawn 
from the usual source by nutans of 
the aspirator through a preliminary 
filter located at the boiler, atid then 
through a second filter as illustrated 
in Ihe diagram. From the latter the gas passes tlirougli orifice A, 
thence through the absorption chamlxu’ and orifice^, B t.o the aspirator 
wIkx’o it is discharged. The (!()2 is absorbed l)y the (aiustic potash 
solution in the absorption chamber. This rcdiK^es the volnmc and 
e 4 ius(^H a (dumge in tension between the two orifi(‘ns in proportion t.o 
the (302 content of the gas. This variation in tension is indicated by 
the water column, as shown, and is transmitted by suitablo piping to 
th(^ nxxnxling mechanism which may bo placed at a considerable dis- 
tiance from the boiler room. 

Moisture In Steam* — Several forms of calorimeters arc avail- 
able for determining the (juality of steam. Tine simplest as well as 



Fkj, 588. Prin<‘iplc5S of the Uehling 
Gas Oomposimc'ter. 
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the most satisfactory, if the percentage of entrained moisture is not 
beyond its range, is the throttling calorimeter, Fig. 589. In this device 
the sample of steam, which is taken from the steam pipe by means of 
the perforated nipple, is allowed to expand through a very small orifice 
into a chamber open to the atmosphere. The excess of heat liberated 
serves first to evaporate any moisture present and then to superheat 
the steam at the lower pressure. From the observed temperature and 
pressures it is easy to calculate, with the aid of steam tables, the per- 
centage of moisture in the original sample. 

The limit of the throttle calorimeter depends upon the steam pressure 
and is about 3 per cent of moisture at 80 pounds pressure and about 



5 per cent at 200 pounds. For steam (‘,()nt.aining great.er p(u‘(‘,(mttigeH 
of moisture the separaiing calorimetcu-, Fig. 590, is soim^ilmt^s uhchI. 
This instrument is yirtually a st(^.am s(^parat»or and m(K5lnuii(Ui!ly sepa- 
rates the moisture from tlio sample of st,(*,am. Tlu^ wut(u‘ thus separated 
collects in a reservoir provided with gauges glass aitid gradualicul se.alc^, 
while the dry steam passes through an onfi(‘.e to aiitnosplua’c^ Thes 
weight of dry steam per unit of lime is indicatcHl on tlu^ gaug(^ (* 4 .Ueu- 
latcd according to Napier’s rule, or may he dchainiiKul by condcuising 
and weighiiig. The accuracy of tlie moisture d(d.(^.rmination is grcuitly 
atTect(Ml by the <lifficulty of obtaining tru(>. samples of steam e.ontaining 
large pca'centages of moisture. 

Fig. 591 shows tlu^ ICllison urimrml stesain caloriuK^tesr, whicli, (!om- 
bin(‘s the st^parating and throttling principles and is adaphnl to steam 
of any dc^gnH*, of wetnnss. Tho sc^parating e.hamber is provided with 
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a gauge glass, not shown, for indicating the weight of water which 
accumulates only when the steam is too wet to be superheated. 

Throttling Calorimeters: Power, Dec., 1907, p. 891; Trans. A.S.M.E,, 17-151; 
175, 16-448; Engr. U. S., Feb. 15, 1907, p. 219. 

Separating Calorimeters: Trans. A.S.M.E., 17-608; Engr. U. S., Feb. 15, 1907, 
p. 219. 

Universal Calorimeter : Trans. A.S.M.E., 11-790. 

Thomas Electrical Calorimeter: Power, Nov., 1907, p. 791. 



Fio. 590. Carpenter Separating Fig. 591. ElliKon Universal Steam 

Calorimeter. Calorimotcr. 


417. Fuel Calorimeters. — The analysis and heat evaluation of 
fu(^l rc'.quire (‘.onsiderablc time utkI skill and much costly apparatus, 
hence in most power plants it is cust-omary to depend upon a specialist 
to whom sainph^s are submitted from time to time. In many largo 
stations, bow(wcr, the conditions often warrant 1.h(^ establishment of a 
testing laboratoiy ecpiippcd for the proximate analysis of coal and the 
determination of i/he (;alc)rific value of the solid, liquid or gaseous fuel 
used The Mahler bomb calorimeter illustrated in Fig, 592 is the 
most acamrate and satisfactory (hsvice for solid and li(iui<l fuels but is 
comparai’.ively expensive. The instrument consists of a steel shell or 




842 


STEAM POWER PLANT ENGINEERING 


“bomb^^ of great strength, lined with porcelain or platinum, into 
which a weighed sample of the fuel is introduced and burned on a 
platinum pan in the presence of oxygen under a pressure of about 300 



Pm. 592. MahlcT BotuI) ('aloriiucUT. 


pounds per stiuarc iiu^h. The clni 
During combustion the boml) is si: 
which is kept constantly agitai-cM 



Pi(}. 595. Parr Fiu^l GaJorirni'ti^rH. 

tri(lg(\ M'eans an', provided for 
in lh(^ (udorim(d.er, the attached 
uniform t<nn[pcu^a.tur(^ Tlie clu 


[‘go is iguilKHl by an eleid/rii^ curnnd. 
l)inergod ii\ a known wenghi. of water 
. The calorific valine is calcuhikMl 
from the observed ris(^ in ixnnpera- 
turedue to the heat evolved, proper 
corrections being made for the water 
(K|uivalcnt of bomb and arppurUj- 
nanccs, heat given up l>y tlu^ ignit;- 
ing current, and for radia.tion or 
absorption of heat from the sur- 
rounding air. 

Th(^ Pm' calorinuiicu*, Fig, 593, 
is an inexpemsive instrunumif, very 
simple in operaiion, and gives nv 
suits which are sufficiently acanirati^ 
for all practical purpoH(\s. Ttu^ 
weighed sampk*. of <‘oal, togetlua* 
with a (|uantity of sodium peroxide 
which supplies itu^ oxygen for com- 
bustion, is intn>duc(‘.d inl.o (he (uir- 
rotating tlui cartriilge whcai submergtMl 
vanes agitating the waba* to maiiiiaiii 
u’gt^ is fired either electrically or by 
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introducing a short piece of hot wire through the conical valve. The 
calorific value is calculated from the observed rise in temperature and 
the constants of the instrument. Among other forms of instruments, 
in more or less general use and which give very satisfactory results, 
may be mentioned the Carpenter , Thomp- 
son, Atwater and Emerson calorimeters. 

Comparison of Different Types of Calorimeters: 

Jour. Soc. Chem. Ind. (1903), 22-1230c 

418. Boiler Control Boards. — In the mod- 
ern large central station efficient operation 
of the various units composing the plant is 
greatly facilitated by grouping the testing 
instruments on a control board and by 
placing this board where it can l)e conven- 
iently studied by the operating engineer. 

Fig. 594 shows the individual control board 
as installed before each boiler unit in the 
Northwest plant of the Commonwealth Edison Company of Chicago, 
and Pig. 595 shows the section control lioard for each turbine unit. 
Tlie individual control board is mounted on the front of the boiler 
(basing and the section board is placed at the end of the battery of 

boilers near the wall dividing the boiler 
from the turbine room. With reference to 
Fig. 594 the two instruments at the top are 
stoam flow meters — one on cacli steam lead 
— with indicating, recording and integrat- 
ing attaeshments. These meters show the 
amount of stream delivered at any time by 
iho boiler and gives a (complete re(‘.ord of its 
delivery. The three nviording gauges be- 
low show the temperature in uptake from 
the boiUu*, the temperature of the food 
water leaving the cuionorniiscr and entering 
t/he boiler and the tiunperature of the flue 
gas('-s k^avitig the economizers. Below and at 
the left is a CO 2 recorder, while at the right- 
hand (jorner arc two indicating draft gauges, 
one connected to thes furnace and the other to the uptake. With 
reference to the secUon (control board, the two flow meters at the top 
measure the steam input to the turbine and the feed water input to 
the l)oilerH, respeedivedy. The recording thonnometorB iimncdiatcdy 



Fkl 595. Boiler Section 
(lontrol Board. 



Fig. 594. Individual Boiler 
Control Board. 
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below show the temperature of the steam entering the turbine and the 
temperature of the feed water entering the economizer, respectively. 
Below these are two recording pressure gauges showing the pressure on 
the steam header and on the boiler feed header, respectively, while in 
the center of the board is a clock and below that an indicating watt- 
meter showing the output of the turbo-generator unit which is direct 
connected to these boilers. Where automatic coal-weighing devices are 
in use the individual control board includes the fuel measuring dials. 
By the use of these instruments a very complete check is obtained of 
the performance of individual boilers and of the entire unit. 



CHAPTER XVIII 


FINANCE AND ECONOMICS. — COST OF POWER 

419 . General Records. — In all power plants, public or private, an 
itemized record of plant performance and cost of operation is of vital 
importance for the most economic results. In many states public 
utility corporations are required to submit an annual statement cover- 
ing the various details of operation, and in order to insure uniformity 
ruled and printed forms are furnished by the state. The private plant 
owner, on the other hand, is free to use his own judgment and may 
adopt any system of cost accounting or dispense witii them entirely. 

The principal objects of keeping a system of records are (1) to enable 
the owner to compare the performance of his plant from time to time 
and to show him exactly what his plant is costing him, and (2) to enable 
the engineer to analyze the various recjords with a view of reducing all 
losses to a minimum. Power-plant records to l)c of value must be 
(losely studied with a view to imi^rovemcnis. The mere accumula- 
iiion of data to be filed away and never again referred to is a waste of 
time and money. 

Records should cover not only the <laily, monthly, and yearly oper- 
tion of the plant but also, as permaueut statistics, a complete analysis 
of each item of ecpiipment. The value of such tlata cannot bo over- 
estimated. The engineer will frequently find it gi'oatly to his interest 
to have available at a moment^s noti(*-e the complc'.te details of his 
(Higincs, boilers, generators, ami other machinery, especually when it is 
re(|uired t,o renew a broken or worxr-o\it pari, in case of emergenesy. 

Tlie question of whedhe^r to purduise power or to g(‘,n(^,rate it depends, 
chiefly, upon relatives cost of i/hc two methods, although the absence 
of powcu-plant madiincry and freedom from the coal- and ash-hamlliiig 
nuisarxc.c may be iitiportant factors. There is no doubt tlxat the om- 
tral station can generate^, power (dieapcr than ihe^ small isolated plant, 
but in most easels it is a cpiestioti tiot only of power, but also of 
sxipplying steam for heating and other purposes, and a careful study of 
all of the items eni-culTig into iho probkmi is ncuiossary for an intelligent 
(dioice. The servi(*,c department of th(^ hxrge (‘-central station with its 
carefully maintained sysbun of records has a strong advantage in pnv 
H(uiiing its arguments over iho average private plant with its ill-k(',i>i, 
and faulty system of a(ux)unting, an<l in som(‘. instances c^entral-station 

m 
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service has been adopted simply because the engineer in charge was not 
in a position to prove positively that his own plant was the better 
investment. R. J. S. Pigott, Jour. A.S.M.E., Dec. 1916, p. 947, shows 
the effects of modifying the operating conditions of power plants, and 
of changing the character of the auxiliary equipment by means of 
graphic analysis. From the study of such an analysis the cost of 
producing power for given conditions may be determined with little 
effort, and the effects of changes in the conditions or equipment may 
be predetermined with accuracy. 


Date of installation 

Type of building 

Number of floors 

Number of offices 

Volume of building, cu. 
ft. . . , 

Type of heating system . 
Engine room, aq. ft.. . 
Height of chimney, ft. . . 
Draft, inches of water 

Kind of grate or stoker . 

Kind of coal 

Coal storage capacity, 

tons 

Capacity ice plant,, tons 

in 24 hrs 

Capacity storage bat- 
tery, am. hrs 


TABLE 135. 

PERMANENT STATISTICS. 

General Information. 

Total cost of building. . . 

Office Ground plan 

18 Total office floor spacio, 

900 sq. ft 

Height of building 

10,860,000 No. of sides exposed. . . . 
Webster Radiator surface, sep ft . 

6,840 Boiler room, sep ft 

318 Number of (jlevators. . . . 

j Jones j 

I llnderfeed Capac.ity of (Jevat^ors, 

111. screenings lb., each 

Boiler pressun^ 

450 Back presHun^ 

Part of bldg, lighted. . . . 
50 Total cost of nicehanicail 
plant.. 

None 


Type 

Number installed. 
Rated capacit,y. . . 


Enpiinos. 

(lenwiioro. 


Ball cornpd. 

Croc.ker-Wheeler 

5 

5 

25 

250 Ii.p. 

150 kw. 


PKunu 




15,000,000 

191X231 

400.000 
280 

3 

100.000 
5,400 

22 

Higli pressure 
hydraulic 

2,700 

150 

Atrnospherie 

All 

1050, ()()() 


BoilWM. 




5 

•475 h.i). 


Aroa. 


Type 

Number instalhul 


(Jarhon 

150 


Tungst.en 

30,000 


I mduHCHl 
15 


A mimlKu* of uU-oinpis have Ikhui madi^ to Htiuulardissc^ pi)WC'r«plant 
r(u;ords but iho msulls havc^. l)0.cn tar from HatisfatdKuy of the 

wid(‘ ranges in opeu^aiing conditions. Eaish iiisiallat/am in a prol)loni 
in it.scif an<l ih(^ itoins to bo r(KH>rdo(l mnst nocossarily dopemd upon 
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size and character of the plant. A common mistake is to attempt too 
comprehensive a system with the result that after the novelty has 
ceased the labor of making the various entries becomes irksome, many 
of the items are omitted, guesses are substituted in place of actual 
observations, and the records are ultimately without value. A few 
properly selected items, accurately recorded, are of vastly more impor- 
tance than an elaborate system of records indifferently maintained. 

Walter N. Polakov, Jour, A.S.M.E., Dec., 1916, p. 966, has proposed 
a ''standardization of power plant operating cost'^ by means of which 
the owners of power plants can judge, without the necessity of going 
into technical details themselves, how close the actual performance of 
the plant is to the possible minimum cost at any time or under any 
circumstances, all variable factors beyond operating control being 
automatically adjusted. Mr. Polakov shows the futility of attempting 
to judge any one plant by the performance of others having a different 
kind of equipment or of a different nature of service. Even where 
conditions appear identical such comparisons do not offer a true meas- 
ure of excellence. It is not so important to know that one^s plant is 
better than another as to know whether it is as good as it can be. 
Mr. Polakov shows how this can be determined by the use of curves 
of "standard costs the plotting and application of which are explained 
in his paper before the Amcrician Society of Mechanical Engineers. 

4:30. Permanent Statistics. — Tables 135 to 138 are taken from the 
records of a large isolated station in Chicago and serve to illustrate the 
mako-up of the "permanent statistics. The complete file covers each 
item of equipment and includes the various drawings, specifications, 
and guarant(^es for the entire mechanical equipment. Since these 
rc(;ords do not vary with the operation of the plant they reciuire no 
furi/her attention, once they are compiled, except of course for such 
changes as may be made from time to time in the plant itself. 

4;30a. Operating Eecords. — Thc^. operating records of any plant bear 
the same relationship to th<^ oconomic^al operation of that plant as the 
bookkeeping and cost accounting syst-cmi bears to the manufacturing 
plant. The distfribution of profit an<l loss in either (;ase can only be 
obtained by itcunizing the various factors involved and by grouping 
thcan in such a manner as to show at any time where improvement is 
possible. Commercial bookkeeping has been more or less standardized 
and entails very little need of originality on the part of the bookkeeper, 
but the selection and mairitcnanco of a system of power-plant records 
may reciuire considerable study and experimenting, since each installa- 
tion is a problem in itself. The items included in the different forms 
depcHid upon, the apparatius provided for wcigliing the coal and water, 
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TABLE 136. 

PERMANENT STATISTICS. 
Boilbes. 


Make of boiler Stirling 

Total number in plant 5 

Date of installation 

Steam pressure, gauge 150 

Safety-valve pressure 160 

Type of safety valve . . . . Pop 

Area of grate, sq. ft 

Heating surface, sq. ft. ... 3,500 

Superheating surface, sq. ft None 

Number of steam drums . . 3 

Diameter of steam drums, in. 36 


Distance between steam 

di'ums, ft 3 

Thickness of shell, in i 

Thickness of head, in I 

Diameter of steam nozzle, 

in 10 

Diameter of safety valve . . 2-4 in. 

Diameter of blow-off, in. . . 2.5 

Diameter of feed pipe, in. . . 2 

Temperature of flue, deg. 

Bah 450-490 

Temperature of feed water, 

deg. Fah 210 

Ratio of heating surface to 

grate area 41.6 

Kind of fuel 

Cartervillc, TIL, Screenings 

Type of grate Green chain grate 

Rated horse power 375 


TABL 

PERMANENT 



IfWBD 

Date of installation 

Make 

Snow 

Number in plant 

2 

Height, ft 

3 

Length, ft 

12 

Width, ft 

4 

Weight of pump 

5 i^ons 

Cost, eacdi 

W(ir> 

Steam pressure 

IGO 

Back pressure 

1 

3 

Number of valves 

32 

Character of valves 

Rubber, brass lined 

Area thro^ valve scats, sq, in.. 

per pump 

12.13 

Gallons of water per min., per 

pump 

800 

Pounds of watcir per 24 Iirs-, 

average, ae.tual 

Gallons of water per 21 hrs, . . 

479,400 

599.2 

Volume of air eliamb(^r, cu. ft. 

3 

Shop immlHsr. 

24,572dl 


Number in battery 1 

Weight of boiler 62,186 

Cost of boiler and fittings 

(each) 15,400 

Height of setting 17 ft. 9 in. 

Length of setting ... . 17 ft. 4 in. 

Width of setting 15 ft. 3 in. 

Weight of setting 272,000 

Thickness of wall 

Side 20 in.; back, 15 in. 

No. of bricks, fire 6,590 

No. of bricks, common . . 19,600 

Dimensions of foundation 


15 ft. 2 in.Xl7 ft. 4 in. 
Material of foundation 

Stone and concrete 
Cost of foundation and set- 


ting (each) $1,500 

Distance between batteries 4 ft. 6 in. 

Distance back of boiler. . . 17 ft. 6 in. 
Distance in fronts of boiler. . 10 ft. 6 in. 

Distance overhead 2 ft. 10 in. 

Number of tubes 337 

Diameter of tubes, in 3.26 

Length of tubes, ft 12 to 14 

Steam space, ciu. ft 96 

Water spac(^, cu. ft (J43 

Kind of draft Forced 

Inches of draft (maximum). 3.6 


K 137. 

8'rATLS1TOS. 

Pumps. 

Diameter of steam cylinder. . 10 

Diiumiter of water <*.ylind(^r . . 10 

Stroke 12 

Displacenuiut p(‘r stroke^,, tni. 

f( 0,6454 

No. of strok(?s |KU* min., aver- 
age 12 

Diameter of suction 8 

Diamet(ir of diseharijt^ 6 

Diameter of steam pip<t 2.6 

Diameter of (ixliaust 4 

Diameter of steam drips. .... i 

Diameter <)f water drains. ... I 

Suction head, lb. rmr sep in. . . l| 

Discharge heiwl, lb. pc^r Htp in. 175 

Kind of piston packing 

Out.siae fiacketl plunger 
Size of piston packing. ....... .... 

Kind 01 rod packing. Soft 

Hijse of rod packing. | 
Tomperaturo of feed water, . , 214 
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the type and number of instruments available for measuring tempera- 
ture, pressure, and power, and the system adopted for keeping track of 
oil, waste, general supplies, and repairs. In large stations autographic 
recording and integrating appliances, which are to be found in nearly 
all strictly modern stations and represent but a small part of the first 
cost of the plant, greatly reduce the labor of keeping continuous records. 
In small plants the cost of autographic instruments may prove to be 
prohibitive and recourse must be had to the usual indicating devices. 
In the latter case, continuous records may be closely simulated by 
plotting the readings of the indicating appliances, say every 15 niinutes, 
or even once every hour, and by connecting the points with a straight 
line. (See Figs. 601 to 606.) The oftener the readings are taken the 
smaller will be the error. Total quantities may be obtained by sum- 
ming up the various items or by integrating the graphical chart by 
means of a planimcter. It is not sufficient to record monthly or yearly 
averages. Daily and even hourly records are absolutely essential for 
maximum economy. The various losses may be reduced to a minimum 
only by an intelligent analysis of daily records. A number of forms 
taken from the files of various power plants are reproduced in this 
(‘liaptcr under the proper subheadings and serve to illustrate current 
practice. 

Power Plant Records: Prac. Eng:r. U. S., Jan, 1, 1014, p. 80; March 1, 1912, p. 242; 
Jan. 1, 1912, p. 86; Power, May 28, 1012, p. 758; Nov. 11, 1913, p. 697. 

Log Sheets at Delray Station: Power, Oct. 5, 1915, p. 182. 

421. Output and Load Factor. — The output of a plant is usually 
st,at(Hl in terms of the (1) average horsepower, or eciuivalent, for a given 
period of time. (2) Unit output — horsepower-hours, or equivalent. 

Wlicii the plant is operating at pi‘acti(*ally constant load it is suffi- 
ciently accurate for most purposes to exprcjss the output in horsepower, 
or exiuivalent, per month or per ycuir. When the output fluctuates as 
is the general (;ase, it is bc^st (^xpresse<l in tnrms of unit output. For 
example, one h()i*se|)ower per year, 24 hours per day, and 365 days per 
year is (Hpiivalcnt to 3()5 X 24 = 87()0 horsepower-hours. If the full 
))()wei‘ is used tliroughout this time it matters little whether the charge 
is based on the flat rate (horsepower per year) or the unit rate (horsc- 
pow(5r-hours) ; if, howc^ver, the power is used only half the time, the 
yearly cost per horsepower-hour will be just double. 

The yearly load factor or simply load factor is t/ho ratio of the actual 
yearly output t-o the rated yearly output measurcxl on the twenty-four- 
hour basis. Thus: 


Load factor 


Y(^arly output, horsepower-hours or (Mpiivakuit ^ 
iiatcil horsepower, or c(iuivalcni X 8766 
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The curve load factor or station load factor is the ratio of the yearly out- 
put to the rated output based upon the number of hours the plant is in 
actual operation. Thus, for an electric station: 

^ , r. , Yearly output, kilowatt-hours 

Curve load factor = — — r i 

Rated capacity X hours plant is in operation 

Much confusion arises from the interpretation of the term 'h\ated 
capacity.” If rated below the maximum load it can sustain it is evi- 
dent that a prime mover may operate with a load factor over 100 per 
cent, in which case the term is without purpose. The accepted defi- 
nition of rated load in this connection is the maximum load which tlie 
prime mover can sustain continuously on a twenty-four-hour basis 
without overheating. Other definitions have been assigned to tlu^ 
term load factor and station factor, but the two stated above are moi’c^ 
in accord with current practice. 

In any plant the great desideratum is a high load facdor with greatesi. 
return on the investment. All the factors of expenses iuclu(l(Ml in the 
cost of power are then operating at maximum economy. High peak 
loads and low average loads necessitate large machim^s whi(;h arc^ l)u(, 
little used and greatly increase the fixed cha-rges. 

The demand factor is the ratio of tlie maximum demand to tlu^ con- 
nected load. There is a general tomkuujy lo over(vstima(/(^ tlu^ maxi- 
mum electric demand, due, in a measuix's, to (/h(i possibiliiicvs of all ihe- 
lights and motors being in use at one time. Praciically spt^aJiing, such 
conditions are not likely to occur. Table 139 gives an idea of tlu^ vaJut^ 
of the demand factor for various classes of service, and may Ix^ usc'.d a.s 
a guide for determining the si^^e of [)rirn(^ movers. 

The diversity factor may be defimul as iha ratio of iha sum of th (5 
individual maximum demands of a number of loads during a specilic^d 
period to the simultaneous maximum demand of all tlu^sc^ sarm^ loads 
(luring the same period. If all the loads in a group imposes IJicur 
maximum demands at the same time, tlum, tlu^ diversity fae.lnr of 
that group will be unity. Baa Diversity and DiversUy Factors^ l\u'rcdl 
Croft, Power, Feb. 0, 1917, p. 17L 
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TABLE 138. 

LOAD FACTORS - LARGE STATIONS. 


Plant. 


Buffalo General Electric Company. 
Cleveland Electric Light Company . 

Duquesne Light Company 

Edison Companies: 

Boston 

Brooklyn 

Commonwealth 

Detroit 

Now York 

Southern California 

Minneapolis General Electric Company 
.Philadelphia, Electric Company. . . 
Public Service, N. J 


Peak Load, 
Kilowatts 
(Thousands). 

Yearly Output, 
Kw-hr. 
(Millions). 

Yearly Load 
Factor, 

Per Cent. 

* 65 5 

299.3 

57 0 

85 0 

340 6 

45 8 

101 1 

463 5 

52 3 

80 5 

238 5 

33 7 

07 2 

233 4 

38.1 

369 7 

1341.9 

43 2 

130 2 

546.9 

47 8 

254 8 

856 4 

38.3 

GO 9 

300 0 

56.0 

43.6 

171 6 

44.9 

142 3 

444 8 ' 

35.6 

174 0 

608.0 

39.8 


TABLE 139. 

CENTRAL STATIONS, DEMAND I<^ACTORS. 

Demand factors compiled by Commonwealth Edison Company of Chicago. 

Class of SicitvicE. 

Demand Factor. 


Ijighting cuHtomers: 

iMllboards, monimuints, and department Htores 

Ollices. 

ResidenceH and barns 

Retail stores 

Wholesale stores 


85.6 

72.4 

60.0 

66.3 

70.1 


Average 

Motor customers: 

Offices 

Public gatliering places and hotels 

Res idea ct^H and barns. 

Retail stores 

Wliolesalc stores and shops 


59.8 


65.1 
28.7 
69.3 

61.2 
58,2 


Average 


59.4 
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TABLE 140. 

MAXIMUM DEMAND TABLE FOR INSTALLATIONS UNDER ONE KILOWATT 
CONNECTED LOAD. 

Commonwealth Edison Co. 


Connected Load, 

Residence Lighting. 
(Monthly Basis.) 

Commercial Lighting. 
(Monthly Basis.) 




Estimated Maxi- 


h)stimated Maxi- 

Number of 

WattaRO. 

Kw~hr. at 

mum Number of 

Kw-hr. at 

mum Number of 

Sockets. 

Equivalent. 

Full Rate. 

Sockets Used 
Simultaneously. 

Full Rato. 

Sockets Used 
Simultaneously. 

1 

50 

2 

1 

2 

1 

2 

100 

3 

2 

3 

2 

3 

150 

5 

3 

5 

3 

4 

200 

6 

4 

6 

4 

5 

250 

7 

5 

8 

6 

6 

300 

8 

5 

9 

6 

7 

350 

9 

6 

10 

6.7 

8 

400 

10 

6 7 

11 

7.3 

9 

450 

10 

6.7 

12 

8 

10 

500 

11 

7 3 

13 

cS.7 

11 

550 

11 

7.3 

14 

9.3 

12 

600 

12 

<S 

15 

10 

13 

650 

12 

s 

16 

10.7 

14 

700 

13 

8.7 

17 

11,3 

15 

750 

13 

8.7 

18 

12 

16 

800 

14 

9.3 

19 

12.7 

17 

850 

14 

9.3 

20 

13,3 

18 

900 

15 

K) 

21 

14 

19 

950 

15 

10 

22 

14.7 


In alicrnating-curront motor insl,iillat.ious tho WriRlit Maximum 

Demand Indicatior is not applicable, so that the maxitiimu demand is 
determined, except in special cases, by (,he following percenliages of 
the rated capacity of (Re connected load: 

Por C’tmi, 

Where installations are under H) hj). and only one mo(.or is 

used 85 

Where installations are under 10 hp. and more than oru* motor 

is used 75 

Where installations are from 10 hp. to 40 hp., both inclusive 

(irrespective of number of moUnx) 05 

Where installations are 50 hp. or over (irresixative of number 
of motors) 55 
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TABLE 141. 

TYPICAL OPERATING CHART. 

DAILY POWER-HOUSE REPORT. 

The United Light and Power Co. 


Weather — Noon 


Division 


19, 


Hr. Mm. 


Engine No. 1 

started 

M 

stopped . . 

.. M 

Total time run 

Engine No. 2 

started 

. . M 

stopped . . 

M 

Total time run, 

Inc. current on 


... M 

off 

. M 

Total time on 

Street arcs on 


.... M 

off. . 

. M 

Total time on . 


Noon 





AMPERE ItEADINGS. 





12 00 

12 30 1 00 

1 30 

2 00 

2 30 

3 00 3 30 

4 00 4 15 

4 30 

4 45 5 00 

5 15 5 30 

5 45 

6 00 6 15 

6 30 

6 45 

7 00 7 15 

7 30 

7 45 

8 00 

8 15 8 30 

8 45 9 00 

9 1.5 

9 30 9 45 

10 00 10 30 

,11 00 

11 30 12 00 

1 00 

2 00 

3 00 4 00 

5 00 

5 16 

6 30 

5 45 0 00 

0 15 0 30 

6 45 

7 00 7 15 

7 30 7 45 

8 00 

9 00 10 00 

11 00 

Coal used 



.lb, 

Coal Rocoivod on Track. 

boilers in Service. 


Cylinder oil . . . . 



.pt. 

Car No.. 




No 1 from 


. .m to, , . . 

...m 

Engine oil 



.pt. 

Initial. . 




No. 2 from 


..m to 

...m 

WuHt< 




.lb. 

Time placed 


... Ill 

No. 3 from 


. .m to 

...m 

Waiei 



cu. ft. 

dime released 



Washed N( 

:> 



Carbons 




Weight . . 



...lb. 

Blow No.. 




(ilobOH 

outer, 

.inner. . 

Ashes sold 


. . . . loads 

to 







. - 








... - 



Mttierial Recoive<l for Power IIouho Uho. Total Jiilowatt Output. 

Head motor 12 o'clock noon 


Motor tO"day..... Kw. 

Motor yoHterday... Kw- 

miT, 

Xioporfc hero ANY intorruptien of hoc vice oithor arc or IncandoHOont. 

Time off Cauflo. 

Are liKhifl out - * • 

Tights * 

Location Reptirtetl by 
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TABLE 142. 

TYPICAL OPERATING CHART. 
(Large Chicago Department Store.) 


Monthly Report. 


Average 

Outside 

Tempera- 

ture. 

Fuel. 

Supplies. 

Coal. 

Ash. 

Oil Used, Gals. 

Waste 

i^ounds. 

Total 
Water to 
Building, 
Cu. Ft. 

Kind. 

Pounds 

Burned. 

Cost 

Per 

Ton. 

Cost 

Per 

Day. 

Pounds 

Removed. 

Engine. 

Cylinder. 


Output. 


Boilers. 

Generators. 


Pounds 

of 

Water 

Evapo- 

rated. 

Water 
Evapo- 
rated 
Per Lb. 
of Coal. 

Ampore* 

Hours. 

Kilo- 

watt- 

Hours. 

1 


Engmo-Houra Run. Boilers- 1 loura Run. 


Breeching 


I )nift. 


Toin- 

pora- 

turc. 


Heating System 

Ventilating 
Plants, Hours 
Run. 

Refrigerating Plant. 

Repairs- 1 fours. 

Steam. 

Pressure. 

five 
Stoam- 
11 ours. 

Fan 

1 

I’an 

2 

Tlours 

Hun. 

Gas 

llsod, 

Pounils. 

Ice 

Made, 

Pounds. 

hlngine Boiler Mlscel- 

Room. laneouH, 


In the original copy all of those iioms are conveniently grourKMl on one large form rule*! for IB-day entries 
with space at bottom for total quantities and costs. In the reprodueticm only the headings are included, 
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TABLE 145. 


TYPICAL WEEKLY OPERATING CHART. 
The Edison Illuminating Company. 
Delray Power Houses, Detroit, Michigan. 


Pounds of coal per kilowatt-hour delivered 

B.t.u. per kilowatt-hour delivered 

Overall thermal efficiency, entire plant 


Output: 

Generated kw-hr. 

House Service, kw-hr. 

Delivered kw-hr. 

House Service to Total Generated Per Cent 

Average Output per Day kw-hr. 

Coal: 

Coal in Bunkers, Midnight, Dec. 5 , lb. 

Coal to Bunkers, Dec. 6-12 Inclusive lb. 

Coal Chargeable, Dec. 6-12 Inclusive lb. 

Coal in Bunkers, Midnight, Dec. 12 th lb. 

Coal Consumed, Dec. 6-12 Inclusive lb. 

Average Coal Consumed per Day, tons 

Coal Analydi^: 

Total Moisture Per Cent 

Ash Per Cent 

Heating Value, As Fired (14004 dry) B.t.u. 


Date Dec. 6-12 inc., 1914. 

1.847 

26,102 

13.69 


6,860,900 

170,600 

6,763,400 

1.674 

964,586 


16,748,400 

11,819,700 

27.668.100 
16,094,000 

12.474.100 
891 


13,692 


2.963 

8.190 


A nalym: 

Carbon in Ash P. II. No. 1, Stokers with periodic 

dumping. . .Per Cent 
Carbon in Ash P. II. No. 1, Stokers with cinder 

grinders .... Per Cent 
Carbon in Ash P. II. No. 2, Stokers with periodic 

dumping. . .Per Cent 
Carbon in Ash P. H. No. 2, Stokers with cinder 

grinders.. . .Per Cent 


20.166 

10.770 

21.776 

9.776 


iZZ. Cost of Power. General, — Th(^ actual cost of producing power 
depends upon the goographic^al location of the plant, cost of fuel and 
labor, the Bi 550 of apparatus, the design, conditions of loading system, 
of <listril)uti()n and tlic method of accounting. Comparisons based on 
the cost per hp-hr. or per hp-yr., or the equivalent are without pur- 
pose because of the many variables entering into the problem. It is 
impossible to intelligently compare costs or to obtain a true under- 
standing of what (josts for power really mean without a thorough 
knowledge of the various items ent-ering into the unit cost sucdi as 
costs of fuel, oil, waste, repairs, labor, insurance, taxes, management, 
distribution, maintenance and allowance for depreciation. In addition 
to these an understanding must be had of the operating conditions, 
such as Him of plant, load factor, variation in load, ratio of the maxi- 
mum load to the economic full load, number of hours a day the plant 
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is operated and the like. With each plant having an individuality 
distinctly its own, in so far as the charges which go to make up the 
ultimate cost is concerned, it is practically impossible to arrive at any 
definite conclusion as to the manner in which the real cost of power 
may be correctly determined for purposes of comparison. Perhaps 
the best method of stating station economy is to give the average 
yearly heat units supplied by the fuel per kw-hr. delivered to the 
switchboard, and the load factor. This eliminates price and quality 
of fuel and offers a fairly satisfactory criterion of the efficiency of 
operation. 

In any case the cost of power is based upon the expense which is 
independent of the output of fixed charges and that which is a function 
of the output or operating costs. In the small plant the items in(;luded 
in the fixed and operating costs arc comparatively few in numlxn* and 
require but an elementary knowledge of bookkcicping, })ut in lai*ge 
industrial organizations or central stations the number of separair^ 
items to be considered may run into the hundreds and nec^essitato a 
complex system of accounting. Some idcui of the diHV,r(mi< syst(nns 
employed with examples of cost of power* in sp(H}ifi(5 (;asos may gaimxl 
from an inspectioTi of Tables 151 to KK). 

423. Fixed Charges. — These cover all expenses whi(‘,h do not expand 
and contract with the outpui. In the ptivab'.ly owiuul phint fix(xl 
charges arc usually limited to int(n-est on th('. invc^slment, rcmtal, do- 
preciation, taxes, insurance and sometimes maintonaiuu^ iliough t.lu^ 
latter is ordinarily includcxl in the operating (X)sts. Th(^ {uuiounting 
systems for public electric light and powor companic^s im usually 
prescribed by the Public Utility (Commission of tlu^ strike in whi(‘,h 
the plant is located and the various charges must- nc<*-essa.rily c.onfonn 
with the rules formulated by this Gonrmission. 

In any system the total lixod charges per ycatr nvo vmiHUmi irrx^- 
sSpective of the load factor', simu^, iuUu'r^st, taxes, <lepr’<x‘<iation, insui'ancc^ 
and maintenance go on whether tlu^. plant is in operation or not. lulu’s 
total fixed chai-ges for a specifics (^asc arc illustra-kxl in Fig. 5!H) by a, 
straight line. The cost per kilowatt-hour, liow(W(n*, draa'cast^s as thc^ 
load fa(hx)r increases. For c'xample, with the plant. op<a*ating cam- 
timiously at rated load (100 per cent load fa(^t.or) th<^ fixed charges 
per kilowattrliour are 

With 30 per cent. load fa(‘hor these (‘.hargr^s are 

0.:f (r.0()(fx 87(50) “ kibwati-lioiir. 
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The higher the load factor the greater is the amount of power pro- 
duced and the longer does the apparatus work at best efficiency. But 
the greater the power produced the larger will be the fuel consumption 
and the oil and supply requirements. The labor charges will be prac- 
tically constant. The total operating cost per year increases as the 
load factor increases, but not directly. (See Fig. 596.) The cost per 



Fiji;. 506, Inlhunuu* of Loa.d Factor on the Cont of Power at the Switchboard. 
(r)()()0-kilowa(.t Light and Power Station.) 

kilowatd-liour, however, decreases as the load fa/d-or increases. For 
('XUiinple, th(^ opcmiting cosi.s per year with plant operating contin- 
uously at full load an^. $280, 200. This gives 

oqo 900 

500() X 87()() per kilowat.t-hour. 


With 30 pc^r cent load tmior ibo yearly operating chargers arc $87,890, 
whicli gives 


87,980 

0.3 (5000 X 87()0) 


$0.0067 per kilowatt-hour. 


In geruanl, th<^ Ingher tlu^ load factnr th(^ grcMiter becjotncs the ratio 
of ihi) opcniiting t-o tlu^. fixcal charges, and cxi^ra investment may become 
advisabk^ to securer the greatest economy possible* 
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On the other hand, when the load factor is low the fixed charges are 
the governing factor in the cost of power, and extra expenditures must 
be carefully considered, particularly if fuel is cheap. 

Fixed Costs in Industrial Power Plants: Engineering Digest, Apr., 1911, p. 293. 


TABLE 146. 

AVERAGE INITIAL COST.* 
Steam Engine Power Plants. 

Simple Non-Condensing. 


Horse Power. 

Dollais per 
Horse Power. 

Ilorao I*ower. 

Dollars per 
Horse Power. 

10 

225 00 

60 

180.00 

20 

200.00 

70 

177.00 

30 

195 00 

80 

175 00 

40 

190.00 

90 

170.00 

50 

185 00 

100 

165.00 

Compound Condensing. 

100 

170.00 

700 

7(i.00 

200 

MG.OO 

800 

69.00 

300 

126.00 

000 

04.00 

400 

110.00 

1 ()()() 

60.00 

500 

06.00 

1500 

58.00 

000 

85.00 

2000 

55.00 


Triple Condensing. 


1000 

62.00 

4000 

52. (K) 

2000 

58.00 

50()() 

50.00 

3000 

54.00 

6000 

48.00 


* Inoludea cost of buildings and entire ecjuiptnont oroctod. 


4^4. Interest. — The rates of interest on borrowcnl nioiu^y vary with 
ilic nature of the security, hi tiie (* 4 ise of powin* plant.s th(^ form 
security is usually a mortgage*, on the plant and tHiuipimmt. If a 
builder has sufficient funds to construct the plant without borrowing, 
he sliould charge against the item “interest^* the income whicli the sum 
involved would bring if fdat^xl out at interest or if inv(‘.Ht(Hl in Ins own 
busim^ss. In (estimating the interest (diarges (i \mr ceemt of thee citpital 
inveesied is ordinarily assunuHl uakess specufm figures line availahlcL 
Initiid (eosts for various typees of plants are to bo found in thee imoom- 
fiaiiying tables. 
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TABLE 147. 

COST OF MECHANICAL EQUIPMENT — ISOLATED STATIONS.*" 



Per Kilowatt of 
Plant Capacity. 

Boilers (erected and set in masonry) : 

Horizontal-tubular 

Water-tube 

Steam engines: 

High-speed, simple direct-connected ..... ^ 

Medium-speed, compound non-condensing direct-connected . . 

Low-speed, compound condensing, belted 

Low-speed j simplfij belted 

$14r-$18 

16- 20 

20- 25 

28- 35 

20- 25 

25- 30 

(Irfl.a ongines 

50- 60 

Oil engines 

Gas producers 

75- 85 

15- 20 

Dynamos: 

Direct-connected to high-speed engine 

13- 16 

Belt-connected to engine 

12- 15 

Direct-connected to Corliss engine 

16- 20 

Switchboard 

Foundations 

Stcamfitting — including auxiliary apparatus — such as feed heater, 
grease separator, exhaust head, tanks, covering, etc 

5- 10 

5- 10 

20- 30 



* By P. R. Moaes before the A.I.E.E., Jati. 12, 1912. 


4:55!. Depreciation. — Depreciation may be defined as a decrease in 
value occasioned by wear or a^2;e, change of conditions rendering the 
plant inadequaie for its particular functions, or changes in the art 
which renders it obsolete as compared with recent installations. De- 
preciation may be conveniently classified as : 

Complete depredation^ or the gradual decrease in value occasioned by 
wear and age. This may be largely offset by maintenance. 

Ohmle^cence, inadequacy or destruction by any cause. A thing is 
obsolete when it has been rend(ned valueless as die result of change 
in the art and i/his may occur whore no physical deterioration has 
taken place. Inad(‘.quacy indicates that a thing is incapable of fully 
performing the futuhion for which it» is intended. It. indicates neither 
physical depreiuation nor obsolescence. Inadequacjy may result from 
('-xpansion of markctis, community growiti and the like. ()l)Bolcsccnce, 
inadequacy, and desirmhiion cannot be predicted and (diargcB against 
this class of depreciation a<re naturally conjectural. 

Incomplete depredation due to wear and tear likely to fall in large 
amounts and at irregular intervals. 

There are several methods of dealing with depreciation; among the 
more common may be mentioned: 

* Report of the Committoe on Gaa,Oil,and Electric Light, City of Chicago, May, 
1913. 
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(1) To charge to earnings in good years and credit to depreciation 
reserve such amounts as the profits from operation permit. 

(2) To charge to earnings the depreciation as it matures and neces- 
sitates renewals. 

(3) To charge to earnings and credit to depreciation reserve an- 
nually a certain percentage of the cost determined by the average 
weighted life of the property. 

In general power plant practice it is customary to make an average 
annual depreciation allowance, based on the original cost of the property 
less salvage or junk value, spread over a period of years approximaihig 
the weighted life of the plant. If depreciation is considered to include 

TABLE 148. 

COST OF MECHANICAL EQUIPMENT ■ -STEAM TURBO-ELECTRIC GENEUATINCJ 

STATIONS.* 


2,000 to 20,000-kiIowait Capacity, Based on Maximum Continuous Capacity of Generators at 5f)‘' Rise. 



Dollars po 

llifrM. 

r KiU>watt. 

Low. 

Preparing site — Dismantling and removing struciurtis from 
site, making construction roads, tracks, etc 

$0.25 


Yard Work — Intake and discharge flumes for (‘.ondonsing 
water, railway siding, grading, fencing sidt^walks 

2.50 

1.00 

Foundations — Including foundations for Iniilding, Hta(‘.ks, and 
machinery, iogeth(u' with excavation, piling, waterproofing, 
etc 

().(K) 

l.(K) 

Building — Including frame, walls, floors, roofs, windows and 
doors, coal bunker, etc., but exclusive of foundations, luuit- 
ing, plumbing, and lighting 

12. 00 

4,00 

Boiler-room Equipment Including boilers, stokers, fliu's, 
stacks, feed pumps, feed-water heater, ee-onomizm’S, nu'- 
chanical draft, and all piping and pii)e covering for entiri^ 

station excoi)t condenser water piping 

Turbine-room Ikniipment — Including steam turbines and 
generators, condensors with condensiu' auxiliaries and watm* 
piping, oiling system, etc 

21.00 

12.00 

22.00 

12.00 

Bdectrical Switching Eemipment lnelu<ling exciters of all 
kinds, masonry switcli structure with all switchboards, 
swiiclicsj instruments, etc., and all wiring except for build- 
ing lighting. 

5.00 

5.00 

2.00 

2.50 

iScrvice Ecpiipmcnt — Such as cranes, lighting, luuiting, 
plumbing, fire protection, compresse<l air, furniture, per- 
manent tools, coal- and ash-handling mac hi nc'Ty, etc 

H tart ing Up — Labor, fuel, and supplies for got. ting plant ready 
to carry useiul load 

l.OO 

JO 

General Charges Huch as engineering, purchasing, super- 
vision, clerical work, construction, plant an<l supplies, 
watchmtm, (deaning up 

(hoo 

li.OO 

Total cost of plant t<j owner, (except lan<l and interest (hiring 
construction 

$h:l7B 

4 Cotttpiiay, 

IflK.OO 

. Ltfftre itif 

* i?y 0. H. Lyford, Jr,, md It W. BtoyM, of Ghunih, K^rr 

Enginc«r*« Hociefy of Wtjutom Poaiwylviuna. 
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the maintenance which is charged to expense directly, it would be proper 
to set aside as a reserve a fixed percentage of the decreasing value of 
the plant to represent the unmatured decadence. This ideal situation 
would equalize the total burden over the life by making the depreciation 
allowance largest when the repairs are smallest, ‘ and conversely the 
depreciation allowance smallest when the repairs are largest at the end 
of the useful life of the plant. If the system were composed of many 
small units not requiring renewal at or near the same time no special 
reserve would be necessary, as all replacements could be charged di- 
rectly to operating expenses because of these inconsiderable amounts 
in any one year. In the large central station, however, a considerable 
portion of the plant is composed of large units which the rapid develop- 
ment of the art and growth of business may render inadequate long 
before their natural life has expired. As a result of and to provide 
for this condition, depreciation reserves are accumulated cither on the 
^^straight linc’^ or “sinking fund^^ method. 

Straight-line Method. — This method is based on the assumption 
that- if the total investment, less salvage, is divided by the weighted 
life of the plant the resulting quotient ex])rcsscs the amount which should 
be allowed each year to cover the accrued depreciation. This is the 
simplest of the several met/hods that have been suggested to determine 
the probable depreciation and make proper allowance for it in the rec- 
ords. No interest computations of any kind are involved, thus: 


n 


(304) 

II 

r 

m\ 

- nl’ 

(304a) 

d= 100^-, 


(3()4b) 

V 

V = 100 ; f. 

(y 


(3()4c) 

A = a-v, 


(304(1) 

a = 100 A 


(304(0 


in which 

/) accrued dcprecuation, 
C » original cost, 

B *= s(u\ap valuer of salvage, 
n «= aHsuttied life, years, 

V « present value, 
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m = age of the property, years, 
d = rate of depreciation, per cent of original cost, 
b = ratio of scrap value to original cost, 

V = present value, per cent of original cost, 

A = accrued depreciation, 

a = accrued depreciation, per cent of original value. 

The straight-line law is shown graphically in Fig. 597. The original 
cost is composed of the net cost (labor and material) plus the over- 
head (the extra charge intended to cover engineering and architects^ 
fees; fire and liability insurance, and interest on the investment during 



construction; contractors^ profits ou tlie portioti of tlu^ work uo(. done 
by the company itself; legal organization and incid(aitaJ ('.xp(ms(^. Th<^ 

probable life” of the plant is a purely thcon^tical (pianiil.y a.nd is 
supposed to represent the weighted a,v(a'age pcu’iod of ust^fuluess of 
the various units composing the plant). It is det(n*miu(Hl by dividing 
the sum of the original costs of the various units (U)mposing tin* pla.nt, 
less salvager, by the aggregate annual depreeiaticm (^haigx^ of tlicwc^ ikmis. 
The actual life of the vn,rious units composing plant, mn only b(^ 
approximat(Ml since everything dc^ptnuLs on t.h(^ gra.de of matcahil, work« 
inansliii) an<l upkeep. Ta.ble 149 gives the av(a'ag(^ usc^ful life, of various 
portions of a steam power plant eepupment., hut so imu^h depcauls upon 
tlie design and t.he conditions of operation t.hat no lixc^d vaJiU's (».an 
definitely assigiKKl and the values givcm should 1 k^ ustxl wit.h (Caution. 
Most power plant appliances become obsol<4i(b long b(4*or(^ tlic^ limit of 
their useful lih'. is nxuiied 

In the Report (May, 1913) to the Committee on Gas, Oil, and Ehxttrie 
Light, on the inve^stigatiou of tlie Common w(^ 4 dtli Edison Company, 
(4iieago, d(‘pr(Hiaiion is calculated on a 3 per etndi sinking fund basis, 
giving an avcuuge weighted life of 18.5 years to tlie oompany^s depre- 
ciable iiroperiy. 
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TABLE 149. 

APPROXIMATE USEFUL LIFE OP VARIOUS PORTIONS OF STEAM POWER PLANT 

EQUIPMENTS. 

Years. 

Buildings, brick or concrete 40 

Buildings, wooden or sheet iron 15 

Chimneys, brick 40 

Chimneys, self-sustaining steel 30 

Chimneys, guyed sheet-iron . . . 10 

Boilers, water-tube 25 

Boilers, fire-tube . . 20 

Engines, slow-speed 25 

Engines, high-speed 20 

Turbines 25 

Geperators, direct-current 20 

Generators, alternating- current . 20 

Motors 20 

Pumps 20 

Condensers, jet 25 

Condensers, surface 20 

Heaters, open 25 

Heaters, closed 20 

ICconomizors 20 

Wiring 15 

Belts 8 

Coal conveyor, Imcket 15 

Coal conveyor, belt 10 

Transformers 20 

Rotary convert.crs 20 

Storage bait. cries 15 

Piping, ordinary 12 

Piping, first class 20 

Note. — Ho much depemds upon the design and the conditions of oporati{)n that 
no fixed valuers can b(^ d(‘linit(‘ly assigned and alxm^ figures should b(^ used with 
caution. Practice? shows thaii most power-plant appliam^es become obsolete long 
before the limit of their useful life is reached. 


BxampU 75. A con(loms(U‘ ociuipmcnt in 10 years old and cost origi- 
nally 13500.00. AHSUining that its useful life is 25 years and that its 
junk valium is $35().()0, <letcnnine tlie annual depreciation, the present 
value and the a(H*<ru(Ml depreciation on tlic straight lino basis. 


D 

d 


a - H 3^)0 -- 350 
= too ^ « 100 - 3.5 per cxuit. 


$126, annual depreciation charge. 


F = ((7 - N) = (3r)(K) - 350) = $1H90, present 

value. 

V 1 800 

V = 100 ^5 == 100 = 54 por oent. 

A = 6' — F = 13500 — $1890 = $1010, accrucKl depniciation. 
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Sinking Fund Method, — By the sinking fund method a fixed sum is 
placed aside each period and allowed to accumulate at compound in- 
terest. The amounts thus set aside plus the interest accumulations must 
be equal to the original cost less salvage at the end of the assumed period. 
The rate of depreciation in terms of interest and useful life is a simple 
problem in compound interest and may be expressed 


7 mo 

d - 100 __ 

(305) 

D- 

100’ 

(:i05a) 

1! 

+'+ 

1 ' 1 

(;io.5i)) 


(:i()5c) 

F = C - A, 

(:i().5d) 

V = 100 

(5()5<‘) 


in which 

r = rate of interest, 

a = accrued depreciation, per cent of original c.osi. l(ws sa.Iva.g(^. 
Other notations as previously <lesignat(Hl 


Example 70. Taking the data iti Example 75 delxnanine tlu^ a,nnuaJ 
depreciation charge, accrued depixuaaiion, a.nd pr(\s(mt< vahu*. <n\ (he 
sinking fund basis, assuming a,u annual iut(U’(\sl. ra,t.(^ of 5 p(a’ (uuii. 


d 




(i+f)--r (I + (].or,)“ - 1 

D = 0.0197 X 1:1500 = |()S.95, annual i)ii,yni<uil. lo l.ta* .sinking 
fund wliic.h al trlui (uul of 25 yoans will (Hiual $5500 -- $5.50 
= 15150. 

(l+?’)’"-l (1 +0.05)1 1 


-.no"'" • .nnC+W* 

(1 r)n - 1 •" (1 + O.Of))'-!'* 


20.55 fHif wait. 


yl = .$5150 X 0.2055 = S50.15 
V = $5500.00 - .1850.15 = .$2000.15, pnw'nt valut',. 

i’ = = 70.-1 pmscnl. value, ixu- c.enl of original C 08 t. 


Table 1.50 may be conveniently xiHe<l in thin eonneetion. At llie in- 
tei’8(>(!|.ion of v('rtical eoluinn 5 juid horizonlal (jolunnm 10 atul 25 w('. 
find 7.95 fuid 2.09 respe(‘div('ly. Dividing 2.09 by 7.95 given 0.2055 
or 20.55 per the accrued (U)pre<iiation. 
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TABLE 150. 

RATE OF DEPRECIATION, 


(Per Cent of First Cost.) 


Rate of Interest, per Cent. 



I 2 

2.5 

3 

t 8.5 

4 

4.5 

5 

5.5 

6 

7 

8 

9 

10 


2 

49.50 

49.37 

49. 

,27 

49.14 

49.02 

48.90 

48.78 

48.66 

48.54 

48.31 

48.07 

47.84 

47.62 


3 

32.67 

32.51 

32. 

35 

32.19 

32.03 

31.87 

31.72 

31.66 

31.41 

31.10 

30.80 

30.51 

30.21 


4 

24.26 

24.08 

23. 

90 

23.72 

23.55 

23.39 

23.20 

23.03 

22.86 

22.52 

22.19 

21.84 

21.55 


5 

19.21 

19.02 

18. 

83 

18.65 

18.46 

^18.28 

18.10 

17.91 

17.73 

17.40 

17.04 

16.73 

16.37 


6 

15.85 

15.65 

15. 

46 

15.26 

15.08 

14.89 

14.70 

14.62 

14.33 

13.97 

13.63 

13.29 

12.96 

g 

7 

13.45 

13.25 

13. 

05 

12.85 

12.66 

12.46 

12.28 

12.09 

11.91 

ii:i5 

11.20 

10.87 

10.55 

CQ 

8 

11.65 

11.44 

11. 

24 

11.05 

10.85 

10.66 

10.47 

10.28 

10.10 

9.74 

9.40 

9.06 

8.74 

1 

9 

10.25 

10.04 

9. 

84 

9.64 

9.45 

I 9.26 

9.07 

8.88 

8.70 

8.34 

8.00 

7.68 

7.36 

1 

10 

9.13 

8.92 

8. 

72 

8.52 

8.33 

8.14 

7.95 

7.76 

7.58 

7.23 

6.90 

6.58 

6.27 

<1 

11 

8.21 

8.01 

7. 

80 

7.61 

7.41 

7.22 

7.04 

6.85 

6.68 

6.33 

6.00 

5.69 

5.40 


12 

7.45 

7.25 

7. 

04 

6.85 

6.65 

6.46 

6-28 

6.10 

5.92 

5.60 

5.27 

4.97 

4.69 


13 

6.81 

6.60 

6. 

40 

6.20 

6.01 

5.83 

5.64 

5.47 

5.29 

4.96 

4.65 

4.36 

4.08 


14 

6.26 

6.05 

5. 

,85 

5.65 

5.46 

5.28 

5.10 

4.93 

4.75 

4.49 

4.13 

3.84 

3.58 


15 

5.78 

5.57 

5. 

,37 

5.18 

4,99 

4.81 

4.63 

4.46 

4.29 

3.97 

3.68 

3.40 

3.15 


16 

5.36 

5.16 

4. 

,96 

4.77 

4.58 

4.40 

4.22 

4.06 

3.89 

3.58 

3.30 

3.03 

2.78 

1 

17 

4.99 

4.79 

4. 

.59 

4.40 

4.22 

4.04 

3.87 

3.70 

3.54 

3.24 

2.96 

2.71 

2.47 


18 

4.67 

4.46 

4. 

.27 

4.08 

3.90 

3.72 

3.55 

3.39 

3.23 

2.94 

2.66 

2.42 

2.19 

i 

19 

4.37 

4.17 

3 

.98 

3.79 

3.61 

3.44 

3.27 

3.11 

2.96 

2.67 

2.47 

2.17 

1.95 

< 

20 

4.11 

3.91 

3 

.72 

3.53 

3.36 

3.19 

3.02 

2.87 

2.71 

2.44 

2.18 

1.95 

1.95 


25 

3.12 

2.92 

2 

.74 

2.56 

2.40 

2.24 

2.09 

1.95 

1.82 

1.58 

1.36 

1.18 

1.75 


30 

2.46 

2.27 

2 

.10 

1.93 

1.78 

1.64 

1.50 

1.38 

1.26 

1.06 

0.88 

0.73 

0.61 


35 

2.00 

1.82 

1 

.65 

1.50 

1.36 

1.23 

1.10 

0.99 

0.89 

0.72 

0.58 

0.46 

0.37 


40 

1.65 

1.48 

1 

.32 

1.18 

1.05 

0.93 

0.83 

0.73 

0.64 

0.50 

0.38 

0.29 

0.22 


45 

1.39 

1.22 

1 

.07 

0.94 

0.82 

0.72 

0.62 

0.54 

0.47 

0.35 

0.26 

0.19 

0.14 


50 

' 1.18 1.02 

0 

.88 

0.76 

0.65 

0.56 

0.42 

0.40 

0.34 

0.25 

0.17 

0.12 

0.09 


It iK not supposed that an owner will regularly lay aside an annual 
amount, or take the trouble to arrange for its investment at current 
ratt's in the market or vsavings bank, since the money is probably worth 
more to him in his business. In practice il, is retained in his ])usiness or 
investments and is earning the rate of interest obtainable therein, but in 
determining the net, profit or loss this (h^preciation item is nevertheless 
account<Hl for just as if it were actually placic^d in outside investments. 

The expectancy or remaining life of any article is the probable time 
during which it may reasonably be expected to render cffio.ient service. 
It is (hitenniiHxl from the actual coivdition of the article and all local 
circumst.nn(U'S which may affect, its continued use and not by subtracting 
ago from prol)able life. Thus an article may have a probable life of 
25 years and yet be in first-class condition and as good as new when it 
reaches the end of this term. The value of this article is not written 
off the books nor should it be regarded as good as now. Its value is 
as(!erl,ain(id by determining its probable additional years of usefulness 
and the probable cost, of replacing it at the end of (,his term. 
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The term depreciation^' is frequently used when the term ^^amortiza- 
tion” would be more appropriate. Amortization deals with the retire- 
ment of the invested capital This may be in instalments in uniform 
or in unequal annual amounts, or in a lump sum at the end of useful 
life. The replacement may mean the substitution of a new identical 
plant, but at a cost dependent on new conditions, new prices of labor 



Fio. 598. Sinking Fund Meiliod of Dopreniation. 


and material, or it may mean the substitution of now (l(wi<‘-<^s rendering 
equivalent service. In either event tihe repla(*.oment may b(^ a(- a greater 
or less cost than the original cost, with, thcu’cfoiH'i, a corre^sponding in- 
crease or decrease of capital invcskHl Exp(^nditur(^s for new parts of 
a plant, which take the place of old parts whu^h aiv, nd/innl for any (5aus<\ 
should be charged to rei)laccment only to tlu^ ext, out of (Capital repr(^- 
sented by the part of tlic ])lant thus retired. Any c^xetHs of tln^ (ex- 
penditure for re])la(ioment over the ceost^ of tine disteanlKl part of a. plant 
should be treated as an addition to, and any k^ss (iost as a dceduction 
from, the inveesied capital. The term ^^reptnuenumt” should not b(e 
used in the sense of retirement of invest, ( hI ceapital, wliiceli (heals wit-h tlue 
cost of the rephmed pa.rt, and noi. with tine eosi. of tine mew (ecpiivaiceiit 
installation. (Valuation Depreciation and the Raf^ce-Basc', (Sriuisky, 
1917.) 

The term going value may be ])r()p(aiy t-akcen to mcean a valme at- 
t,a,(ehing to a publi(e utility propcerty as thee nesuli of i(,s tiaviug an (est.al)- 
lislued revcenme-produciug business, (ioing value may bee d(et(‘rimu(ed 
from a, coiisidcration of the amounts of momey metuall)' (»xpemk‘d in 
Eue (eost of producing the business or it may bee deebermimed from ceon- 
sideration of ifie present cost of reprodmeiug thee prcwnii nevienuce. 
(Value for Ral,(vMa,king, Floy, 1917.) 

For purpose of (kesign and (eomparison it is (eusiortiary to assuime a 
single fix(Ml p(er(eentage U>r d(q)r(wiatiou, obsoleseeemec^., inadcecjuacey, etce. 
An aveeragee figune is f> peer miiL 
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4^6. Maintenance. — Maintenance usually refers to the expense of 
keeping the plant in running order over and above the cost of attend- 
ance, although the term is frequently used in place of repairs. It 
includes cost of upkeep, replacement, and precautionary measures. This 
latter item includes the renewal of working parts, painting of perishable 
or exposed material, and replacing worn-out and defective material. 
Many engineers make no allowance for maintenance in the fixed charges 
and include these costs under supplies, attendance, or repairs. In a 
general way, when maintenance is included under the fixed charges, an 
annual charge of 2 per cent is considered a liberal allowance, since most 
of the repair work comes under attendance. In street-railway practice 
maintenance is divided among the several parts of the system as follows: 
Buildings, steam appliances, electrical equipmeut, and miscellaneous. 
In this connection the maintenance becomes a part of the operating 
charges, since the various items vary widely from month to month. 

42*?. Taxes and Insurance. — Taxes vaiy from a fraction of one per 
cent to 2 per cent, depending upon the location of the plant. An aver- 
age figure is I 2 per cent of the actual value of the investment. Buildings 
and tnachincry are ordinarily insured against fire loss and boilers against 
acciidental explosions, and accident policies are sometimes carried on all 
operating machinery. A fair charge for this item is one-half per cent. 

4*^8. Operating Costs. — General Division. — The distribution of the 
operating costs depends largely upon the size and nature of the plant. 
In tlic small isolated station the term operating costs without qualifi- 
cation refers to the generating or station operating costs, exclusive of 
fixcKl charges. These costs arc commonly divided as follows: 

1. Labor and attendance. 

2. Fuel and water. 

8. Oil, waste, and supplies. 

4. Repairs and maintenance. 

In some of the larger isolated stations a more extensive division is 
oftem made but there appears to be no accepted standard. 

In largo central stations tlie operating costs are divided under the 
major headings of 

1. Production expenses. 

2. Transmission expenses. 

3. Electric storage expenses. 

4. Utilisation (^xpe^nses. 

5. Commcrcjial expenses. 

0. New business (ixpemses. 

7. (icneral and miscxdlaneous expenses. 
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The extent of the subdivisions under each sul)heading depending 
upon the size and nature of the plant. See Table 151. 

TABLE 151. 

TOTAL EXPENSE (EXCLUSIVE OF DEPRECIATION) FOR THE CALENDAR YEAR 1912. 
Commonwealth-Ediaoii Co., Chicafto. 



Total 

lOxponse. 

Per Cent 
of Total. 

798.077,000 
Kw-hr, Pur- 
chased and 
Cenorated 
Cost in Cents 




Per Kvv-hr. 

Production: 

sij.w.ori:! 



Station wages . . . . , ... . . 

4 34 

20 38 

0 044080 

Fuel expense, including storage and .shiinkat'O 

2,137,070 

0,207577 

Station supplies and expen.so . 

54,15.') 

0.07 

0 000781 

Building and property maintonanco , . , . . , 

37,887 

0.47 

0.004744 

Maintenance of equipment . . 

250,552 

3 17 
4.44 

0.032122 

Purchased power 1 

359,311 

0 044988 

Total production 

.13,197,034 

39.47 

0 400291 

Transmission and distribution: 




Meter department expense 

$237,090 

2.92 

0.029085 

Substation operating and repairs 

210,107 

2.59 

0 020307 

Storage battery operating and repairs 

110,088 

1 30 

0 013784 

Maintenance of overhead and undoiground hnos 

429,871 

5,31 

0.053823 

Install, remove, exchange meters 

00,.'){)3 

0 75 

0, 007575 

Total transmission and distribudon 


12.93 

0.131174 

Utilization: 

Maintenance tungsten lixturos and posts 1 

$224 ,.'>38 



Mamtonanc© signs > 

2.77 

0.0281 M 

Maintenance aic lights ) 




Repairs to cuHiomers’ lUHlallationH 

77,018 

0.90 

0.009718 

Renewal of inoaiulo.scont lamps 

.'M5.-10.') 

4,20 

0.0432.55 

Inspection of cuHtomers’ promisoH 

43,30-1 

0 54 

0.005421) 

Total utilisation . . 

.$090,11.85 

8,53 

0.08051(1 

Now business: 




Contract department expense .... 

.$209,009 

2.59 

0 020252 

Advortisirig 

211,03,5 

2 01 

0,020498 

Wiring arul appliances 

01,0*12 

0,75 

0.007043 

Total new business 

$482,3-10 

5.95 ' 

0.000393 

Commorciai expense: 




Collecting and bookkeeping. 

$152,007 

1 88 

0.019032 

Claim department expense 

11,025 

(1.14 

0.0013.80 

Information bureau . 

9,072 

0,11 

0.00113(1 

Billing department expense 

Customers' HtatiHti(?H 

08,581 

0,85 

0 008587 

22,200 

0,27 

0 0027HO 

Total commercial expense 

$202,891 

3.25 

0 032910 

Ckmoral expense: 




Fxecutivo and legal and loss ami damage account ^ 

.$483,717 

5.97 

0 000505 

Maintenance and rental of oflh'CM and miHcetlaneou.M Imildinga , . 

152,0.33 

1,88 

0 019111 

Tolophono and telegraph and general olUce Mundries 

Purchasing and storoK department expense 

51,009 

0 03 

0,000394 

89,95! 

t,U 

0 011203 

Fnginoerinp: and operating supervision 

i 179,018 

*» 

0.0224H!) 

Ceneral oflico dopart.ments, accounting and statist ies 

103,055 

1 27 

0,012903 

Net profit on mercantile salos. 

1 09,850 

0 HO 

0,008740 

Total general expo ns© 

$990,190 

12.22 

0 123980 ' 

Miscellanoous:^ , 




Transp()r(.ation department, uudistrihuted ami mlscellaneouH. , , 

122,027 

0.2H 

0,002833 

M iHcellaneoiw operating steam 

90,509 

1 12 

0.0 11332 

Conduit rental 

5,430 

0 07 

0 000081 

M imicipal compenHation . 

400,195 

5,08 

0,057020 

'Tuxes 

714,(KK) 

8 HI 

0,089398 

Insurance. 

277,017 

,1 42 

0,034084 

‘Interest, di.scount, and exchange 

117,225 

I 45 

0.014077 

Profit on stores, 

i 193,310 

2 3H 

0 024206 

Pension fund 

i 72,000 

0 8fl 

0,009016 

Diirount on bomls a , 

39,114 

0 4H 

0.004H97 

Bad delif H 

70,077 

I 0 87 

0 008774 

Total miscellaneous expense 

$1,429,502 

I745"" 

0,178991"' * 

Crnnd total 

$8,100,073 

i KKbOO 

L 014261 
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A number of large central stations limit the major headings to 

1. Generation. 

2. Administration, 

3. Distribution. 

Some companies include all or part of the fixed charges under the 
major heading, others limit the operating costs to expense which is 
dependent only on the output. Because of this diversity in book- 
keeping comparisons of the cost of power based on the annual report are 
without purpose. An excellent system is that prescribed by the State 
Board of Public Utility Commissioners of New Jersey, a discussion of 
which is to be found in Power, Nov. 11, 1913, p. 697, A few annual 
reports illustrating the different systems of accounting are reproduced 
in the accompanying tables. 

4^9. Labor, Attendance, Wages. — The minimum number of men 
required to handle a given plant is appi'oximately a fixed quantity and 
it is seldom possible to so arrange the work that any material reduction 
(^an be effected. Until very recently it has been the universal custom 
to pay wages on a ‘^fiat rato^' basis, that is, the attendant is given a 
fixe^d sum per day or month irrespective of the amount of work required 
or the economy of operation. In many cases, however, the bonus 
system has been successfully adopted. For example, in the boiler room 
the coal consumption is determined for a givc^ji period of time with 
ordinary careful firing, and ilie fireman is offered a reasonable per- 
centage on the saving of coal which he is able to effect over this record 
by special care and attention to the keeping of fires always in the f)est 
condiiion, avoiding the blowing off of st-eam, using as little coal as 
needed for l)anking fires, and in other ways. Wherc^ careful records arc 
kept- of supplies, repairs, and renewals, i.ho l)onus is also applicable t-o 
elcci-ric-ians, oilers, aixl other emi)k)yccs. 

Ijabor should always be estimat-cd or recorded as so many dollars 
per month or per year and not mcn*ely in terms of the output unless 
tih(‘- load facd-or is (kdiniixJy known, otherwise comparisons are mis- 
IcMidiug. For cxaitiple, consider- two plants of 500 kilowatts capacity, 
ea-(‘-h with labor charges, say, of $400 per month. Suppose the out-put 
of one is 1 00, 000 kilowatt-hours per month and that of the other 40,000 
kilowatt-hotirs per month. The monthly charges are evidently the 
same, $400, but tlic cost per kilowatt-hour differs widely, being 
0.4 c.cnt in the first ctasc^ and 1 cent in the latter. 

The c-ost of labor varices so much with the location of the plant and the 
(a)n<litionH of operation that general figures are of little value exetept as a 
rough guide. Specific figtires will l)C found in the ac(‘-ompanying tables. 

Tor a HUitmiary of labor costs In larger cunit-ral stations see Central-Station Labor 
Costs/* Electrical World, Nov. 10, 1012, p, 1031. 
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430, Cost of Fuel. Tables 151 to 160 give specific examples of 
the cost of fuel in different sizes and types of steam power plants. 
It will be noted that this item varies considerably even with plants 
of the same general class. So much depends upon the grade and market 
price of the fuel) type, and size of plant and conditions of operation that 
no single item can afford a means of comparing fuel costs in different 
plants. Such items as “lb. coal per kw-hr., ” “cost of fuel per kw-hr., 
or the equivalent have their value in any accounting system, but fail 
utterly as a measure of the economy of operation unless accompanied 
by a statement of the qualifying conditions. For example, an ineffi- 
ciently operated plant using a high-grade fuel may show a lower- fuel 
consumption, lb. per kw-hr., than an economical plant using a low- 
grade fuel, and an uneconomical plant using a very cheap fuel may show 
a lower “cost of fuel per kw-hr.” than an efficiently opera<,ed plant 
using costly fuel. Similarly, two plants of the same size and type, and 


. TABLE 152. 

FUEL CONSUMPTION IN MASHACriUSETTH CENTRAL STATIONH. 
(Your oiuUng: 1015.) 


Conipatiy. 





C-onIrt 

Lh. 

Cowl 

Kw-hr, 

Loiwi: T(mHi UmcmI. 

Cost per 
'I’ow. 

Totul (Joal 
( IghI. 

IVu' 

Kw' hr. 
(hwuw-* 

\r>.m 

$4,022 

$01,330 

0 403 

2.24(i 

j 4,170 

1 2.35 coke 

4.351 ) 
3.50 S 

18,1.50 

0 041 

3.301 

182,070 

3.002 

712,734 

0.350 

2.003 

15,025 

4.778 

74,((()0 

0.47)8 

2.140 

14,871 


54,021 

0.300 

2.378 

( 8,430 

] 4,328 cokc^ 

( 3-18 gas coal 
4,401 

4 . 107 ) 




4.4H 1 

50,127 

0.723 

3.785 

4.55 ) 



4.(12,'! 

20,778 

0.003 

3.350 

0,000 

4.004 

44,777 

0.04 

3.075 

( 4,574 

4.007 ) 



} 30 (‘oke 

! 4.000 > 

24,027 

0.005 

5.588 

f 1,501 (lust 

2.000) 




18,584 

4.008 

87,310 

0.007 

:l 178 

10,580 

' 3.545 

58,700 

' 0.401 

2.013 

( 14,430 

] 1,884 coke 

4.0 1 

4.0 f 

73,951 

0.003 

3.424 

10,035 

3.008 

30,457 

0,472 

2.031 

1 7,532 

( 00 gas c,oal 

! 4.115 1 
5.0 f 

31,531 

■ O.OIH 

3.351 

8,973 

4.074 

30,557 

0.55 

3.023 

31,054 

4.277 

130,080 

1 0.507 

2.071 

7,300 

4.534 

33,00(i 

0.570 

2. 80 

37,402 

4.142 

155,180 

0.4H 

2.503 


Canibri(lj;c EL Li. Co 

lOaHiliampl on Gaw Co 

EdiBon Elec., III., Bonion. . , 

Edison Co., I^rockton 

Fall llivor JCl. U, Co 

FitCrhburg Gas & El. Co.. . . 

Grccnriold ¥A. hL Co 

Haverhill Electric Co 

Ijawrcnce Gan Co 

I.0WO11 EL Lt. Co 

Lynn Gas & Electric Co — , 

Malden Lllectrie Co - 

New Bedford Gas k EL Lt.. 
No, Adams Gas Lt, Co 

Salem EL Lt. Co. 

Springfkdd United EL Lt — 
Webster A S. Gas A EL Lt. . 
Wore(‘H(,er EL Lt. Co 


Camhridi);(N fiuHtoii, Full River, liynn, Ntw awfl Htdfwu wm wa tldfii- 

aiiid tNiJrjy the advuutu,|*;t) <if chtjuiw fuel (ratHHiHirttRifai thaw knitMinl Inliittti 
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TABLE 153, 

POWER COSTS IN CENTRAL STATIONS. 

Station A. 10-500 hp. boilers; 5000 hp. piston engines; 111. screenings; no 
coabhandling apparatus; hand-fired furnaces. 

Station B. Modern steam turbine plant; stoker equipment; coal- and ash- 
handling system; economizers; superheaters; 111. screenings. 

Station C, 5400 hp. boilers; 14,000-kw. turbines and engines; coal- and ash- 
handling system; stoker equipment; 111. screenings. 

June, 1913. 



A. 

B. 

C. 

Kw-hr, generated . . ... 

1,001,000 

1,210,750 

1,404,605 

Tons of coal . ... 

2,775 

2,437 37 

3,981 40 

Tons of ash ... 

555 

322 10 

603 

Lb. water evaporated 

40,600,000 

35,359,500 

68,100,000 

Lb. water evaporated per lb. coal . . . 

7 32 

7 25 

7 5 

Id) coal per kw-hr, ... . . . . . 

5 23 

4 03 

5 55 

Lb. water per kw-hr. ... 


29 20 

41 6 

Gal. engine oil per 1000 kw-hr.. , . , 

3 62* 

0 59 

1 94 

Gal. cylinder oil per 10,000 kw-hr. . 

1 74 

0 39 

1 22 


Total Cost, and Cost Per Kw-hr. in Cents. 




Kw-hr. 


Kw-hr. 


Kw hr. 

Super mtendenCG 

122 42 

0.014 

250 10 

0.020 

246 47 

0 018 

Uopaira. 







3 )y nainos and appliances . . 

171.33 

0 019 

10.84 

0.001 

12 94 

0.001 

Engines 







Boilers 

I0i7 48 

o.iis 

299 si 

6 024 



Pumps, pipes, fittings and miscolianoou.s 

8.80 

0 001 

22 15 

0 002 

i 332. 34 

0 094 

Operatmg boilers 

880 92 

0.100 

392.13 

0 033 

794 96 

0.057 

Operating engines and dynamos 

693.06 

0 079 

390.00 

0 032 

689.79 

0 049 

Hupplios 

5.47 


44.80 

0 004 

101.10 

0.007 

Water 

482 21 

6.055 

99 75 

0.008 



laibrioanis and waste 

220.12 

0.025 

42 50 

0.004 

95.74 

6.007 

Miscollaiaeous experiHc 

291 24 

0 033 

00.08 

0 005 

177,08 

0.013 

Total, except fuel 

3893.65 

0.441 

1612.16 

0 133 

3451.02 

0.246 

Coal 

2635.75 

0 298 

2177.44 

0.180 

4906,44 

0 349 

Coal, labor, car to boiler room 

198.62 

0.022 

114.62 

0.009 

105.48 

0.008 

Total cost 

6728.02 

0.761 

■ 3964.22 

0.322 

8462.94 

""0.603 

Average cost of coal per ion on floor of boiler room 

1,0214 


0.94 


1.344 


October, 1913. 


A. 

B. 

C. 

Kwdir. gorieratod 

1,356,610 

1,215,360 

1,704,590 . 

Tons of coal 

3,052.4 

2,838.5 

4,900.72 

Tons of ash 

610.5 

456.63 

1,080 

Lb. water evaporated 

3<l6«t,000 

35,025,500 

04,484,866 

Lb. water evaporated per lb. coal 


6.5 


6.28 


6.58 

fd). coal per kW"hr 


4.5 


4.67 


5.75 





20.31 


37.83 

Gal. engine oil per 10,000 kw-hr 


1.24 


0.41 


0.95 

Gal cylinder oil per 10,000 kw-hr 


7.07 


0.41 


0.40 


Toifd CoHl,, and OoHt per Kw-hr, in Cents. 




Kw-hr. 


Kw-hr. 


Kw*hr. 

Huperintondonoe 

121.67 

0.010 

243.74 

6.020 

201 , 

.14 

0.012 

liepn/irs; 








Dynamofl ami appliances 

246.18 

0.020 

21.93 

0.002 

409, 

43 

0.028 





06, 

78 

0,004 

Boilern 

659,11 

0.046 

484.51 

0.646 

833, 

61 

0.049 

Pumps, pipes, fitiings and nuHCollanenus 

16.32 

0.001 

0.00 

0,001 

506, 

97 

0.025 

Operating boilers , 

608.64 

0.060 

396.16 

0,033 

843, 

68 

0.049 

Operating engines and dymunoH 

718.88 

0.069 

390.00 

0.032 

673, 

29 

0.039 

Hupplios. ....... — — ... 

41.65 

0.004 

16.50 

O.OOl 

110 . 

25 

0.007 

Water 11 ■ . . 

354.97 

0.029 

98.16 

0.008 




luibrimntH and waste 

228.82 

0.019 

37.50 

0.003 

i56, 

66 

0,009 

Mlscellanomis expeuHO 

78.39 

0.007 

41.89 

0.003 

246 

18 

0.014 

Total, except fuel 

l973“6r 

Him 

1739,38“ 

6.143 

Td'oo. 

99 “ 

0.246 

Coal.. 

2899.91 

0.239 

2469.60 

0.203 

6,160. 

62 

0,361 

Coal labor, ear to boiler Twmi 

187.60 

0.015 

135.60 

0.011 

183. 

20 

O.Oll 

Total cost. 

loOl.H 

" ThW 

4344.48 

0.367 

10,630' 

ir 

' oToiF 

Average cost of eoal per ton on floor of hnjler room 

!$1.0I13 


$0.9178 


1 $1.265 1 
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usiBg the same fuel may show considerable difference in both 'db. of 
fuel per kw-hr.’^ and ^^cost of fuel per kw-hr. ” because of difference 
in load factor even though both plants are ef&ciently operated for the 
given conditions. In a number of recent installations the station oper- 
ating records include the heat supplied by the fuel per kw-hr. generated 
(“B.t.u. per kw-hr. and the cost of the fuel on a heat basis (cents per 
10,000 B.t.u.). These two items in connection with the load factor 
offer a satisfactory criterion of the fuel economy for plants of iiic same 
general design. Large central stations with individual imii^s of 20,000 
to 35,000 kw. rated capacity and yearly load factor of 50 per cent/ or more, 
have been credited with a yearly performance of 20,000 B.t.u. per kw-hr. 
generated, corresponding to an ovca-all t,hermal efFicienciy of 17 per cent. 
With Illinois screenings this is equivalent to approximately 2 lb. (‘.oal 
per kw-hr. and with the better grades of bituminous coal, about. 1.5 11). 
coal per kw-hr. Much bettor results than t.his have bcnai obt.ained for 
brief periods of operation but when avera.ge(l ov(U’ a. considcn’O/ble period 
of time the standby losses, such as coal burned in banking fires, hoa.t/ 
lost in blowing down boilers, lower efficiency in op(u-a,(/ing a.!. lUKknioiids 
and overloads and the like, reduce the ov(n*all eflicitnniy t/O subst/ant.ia,lly 
that given above. The coal consumption per kw-hr. for a. mnnl)er 
of medium size central stations in Massa.(*hus(‘{/(/S is givcai in Ta,bl{^/ 152. 
This table does not. offer a. fair basis of (u)mpa.iIson siinu^ t.he {?a.lorific 
value of the fuel a.n(l t.he yea,rly load fa.{‘.t.or a.re not. givean 

In estimating the cost of fuel for a proposed installation t.lu^ logicud 
procedure is as follows: 

L Gonstruct load curves for t.he probable powen* r(Kpiir(‘numt.s. 

2. Calculate the tot.al weight of st,ea.m supplicMl from tlu^ load (Uirve, 

3. Transfer the t.ot.al st.ea.m re(|uirement.s to t.hc‘ unit, wadca* ra.t.c’; ba.sis. 

4. Reduce the av(a‘agc unit wa,ter rate t.o supphcMl by tlu^ 

steam per unit output..” 

5. Divide the average B.t.u. supplical l)y the Htea.m p(‘r unit, out.ptit* 
by the estimat.ed overall boiler effanency, (H)nsid(a‘ing a, II standby loss. 
This gives the ILt.u. supplied by th(*! fm*! per unit output. 

(). Reduce the (‘.ost of fuel t.o ^V,ost ])er 10,000 lit.u.” 

7. Mult.iply item 5 by itei!i 0 and divide by 10,000. Tliis gives thc‘. 
average cost, of fuel per unit output, for tlu^. nKpiircHl pculod. 

Tli(^ construction of thc^, load curvets is the most important itcau nlnm 
t!i(^ caist of t.lie fiml per unit putput is primarily a function of ihe^ load 
fact/or. Soo para.graf)li 434. 

The total wenght. of steam is calcnilatcHl from ttu^ load cnirve by con- 
sidering tlu^ unit, wa.ter rat-c^ of the prime mover and steanwlrivcai 
a4ixilia.nc‘s at- l.h(‘ va-riable, loads, and th<^ time elcammt. 
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TABLE 154. 

DISTRIBUTION OF STATION OPERATING COSTS. 
Steam Turbine Plants. (Medium Size.) 

(Year Ending 1915.) 



Brockton 

Fall River. 

New 

Bedford. 

United 

Elec. Light. 

Rated boiler capacity, hp. 

3300 

2800 

3416 

9300 

Rated turbine capacity, kw 

9000 

10,000 

9400 

13,600 

Output, kw-hr. (million) . 

16 28 

14 00 

8 35 

24 09 

Load factor, per cent 


32 4 



Tons of coal (thousands) 

‘is 62’ 

14 87 

10 96* 

320 

Coal per kw-hr., lb. . 

2.12 

2.38 

2 93 

2 82 

Cost of coal per ton . . 
Men employed 

S4 78 

26 

$3 67 

20 

$3 60 

$4 27 

! 


Operating Costs, Cents per Kw-hr. 



Actual. 

Pci 

Cent 

Total 

Actual. 

Per 

Cent 

Total. 

Actual. 

Per 

Cent 

Total. 

Actual 

Per 

Cent 

Total. 

Fuel 

0 458 

53.9 

0 390 

65.4 

0 472 

52.7 

0 570 

62 5 

Oil, waste, and packinc; . 

0.005 

0.6 

0.005 

0 8 

0.003 

0 3 

0 005 

0 6 

Water 1 

0 019 

2 2 

0 010 

2 7 

0.03S 

4 2 

0.004 

0.5 

Wages 

Station tools and a])pli- 
arices 

0 179 

21 0 

0 121 

20 8 

0 309 

34 5 

0 160 

17 0 

0 023 

2 7 

0 oil 

1.9 

0 025 

2.8 

0 OOS 

0.8 

Station structure repairs . . 

0.079 

0.2 

0 on 

1.9 

0.017 

1.9 

0.050 

5.5 

Steam plant repairs. ... 

0.069 

8.1 

0.024 

4.0 

0.027 

3.0 

0.081 

8.9 

Electric plant repairs . . . 

0.020 

2.3 

0 015 

2.5 

0.005 

0 6 

0.033 

3.6 

Total 1 

0.852 

food) 

1 

0.590 

100.0 ' 

' (y.'SOG 

ioo'o' 

0.911 

iod".o 


TABLK 155. 

STAITON OPERATING COSTS (1915). 
MaHsachuHOttH Stoani Power Plants. 


Plant. 

Fuel. 

(hi, 

WUHtO 

and 

Wai.or. 



Pack- 

ing. 


Cambridge. 

Easthampton 

0.403 

0.012 

0.026 

0.641 

0.004 

0.003 

Edison, Bosl.nn. . . . 

0.359 

0.002 

0.010 

Edison, Brockton. . 

0.458 

0.005 

0.019 

Fail River... 

0.390 

0.005 

0.010 

OaverhiU 

0.640 

0.016 


Lowell 

0.667 

0.006 

6d)67 

Lynn 

0.461 

0 015 

0.032 

Miildon 

0.693 

o.on 

0.057 

New Bedford, ..... 

0.472 

0.003 

0.038 

Salem 

0.550 

0.013 

0,020 

Woreesier. ........ 

0.480 

0.004 

0.004 

, .... 


. .. - ...» 

, 



kStation 

1 

Htal-ion 

1 

Steam 

Plant 

Ue- 

pnii'H. 




'Pools 

81, rue- 

trical 


Wages. 

and 

turo 

Slat ion 

''Pntal. 

AppU- 

uncos. 

Ko- 

pairs. 

Re- 

pairs. 


0.274 

0.003 

0.017 

0.040 

0.040 

0.821 

0.307 

0 005 

O.OOl 

0.049 

0 010 

1.020 

0.161 

0.017 

0.009 

0.051 

0.060 

0.087 

0.179 

0.023 

0.079 

0.069 

0.020 

0.852 

0.124 

O.Olt 

O.OIJ 

0.024 

0.015 

0.596 

0.209 

0.011 

0.055 

0.071 

0.004 

1 .006 

0.193 

0.013 

0.032 

0.062 

0.005 

0.986 

0.194 

0.003 

0.051 

0.152 

0,014 

0.922 

0.177 

0.015 

0,002 

0.058 

O.OOfi 

1 019 

0.309 

0.025 

0.01,7 

0.027^ 

0.005 

0.896 

0.233 

0.010 

0.002 

0.050 

0.006 

0.903 

0. 108 

0.003 

0,018 

0.016 

0.014 

0.680 
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The heat supplied by the steam is measured above the temperature 
of the feed water. In plants where exhaust is used for heating or 
manufacturing purposes only the difference between the heat supplied 
to the prime movers and steam-driven auxiliaries and that of the 
exhaust utilized for heating is charged to power. See paragraph 177. 

Current practice gives an average efficiency (based on yearly opera- 
tion) of boiler and furnace of 70 per cent for pumping stations running 
at practically full load, 68 per cent for largo lighting and power stations 



with yearly load factor of 0.45 or mon', and 65 pta* (umt for similar 
siatiouK with loa<l factor holween 0.85 aiul 0.40. Kor very low load 
factors, 0.25 and umlcr (as in connection with Iar>fe nianufaicturing 
pliHd,s, tall office buildings, and other plants ojieral.ing on a 12-hour 
basi.s), this efficiency seldom ex{«ie<ls 60 p(!r cent,. With (lu‘so figurcis 
as a gui<ie tlu^ cost of fued per unit output may be roughly approximaied. 

In Euro[)e the “locomobile” type of steam txiwer plant has attahn'd 
an ('xtremely high cl(!gre(^ of heat efficiency as will be seen from tlui 
curves it> h'ig. 500. Tlu? most (Hiouomieail ntsult shown, namely 0.87 
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pound of coal per developed horsepower-hour, is equaled only by our 
best gas-producer plants. 

iSl. OII 5 Waste, and Supplies. — These items approximate from a 
fraction to 5 per cent of the total operating expenses. Tables 153 to 

TABLE 156. 

YEARLY COST OF OPERATION. 

Port Wayne Municipal Plant. 

( 1915 - 1916 .) 


Equipment: 2-500, 1-1500, 1-300 = 5500 kw. turbo-generators. 
1-725, 2-500, 1-400, 3-300 = 3025 hp. boilers. 



Total. 

Unit. 

Investment cost: 

Boiler-plant equipment 

Boiler-plant buildings, fixtures and grounds 

Steam power plant equipment 

Steam power plant building, fixtures and 
grounds 

$79,363 75 
26,302.34 
182,773 75 

39,469 54 

$26.00 per b. hp. 
8.70 “ 

33.00 kw. 

7.20 

Total power plant 

327,909.38 

407,138.19 


59.50 

cc 

Distribution system and other expenses — 


74.00 ‘‘ 

cc 

Grand total 

735.047 57 1 


134.00 ‘‘ 

(1 

Total output 6,520,670 kw-hr. 

Total coal burned 18,100 tons 

Yearly load factor 24.7 per cent 

Lb. coal per kw-hr., 5.55 


OoHt por Yoar. 

Por Oont 
of Total. 

ContH 
per K,w-hr. 

Station operating costs: 

17 men 3— '8 hr. slufi»H, labor * 

117,290.11 

32,.578.4,S 

514.71 


30.2 

0.265 

Coal, |51 80 per ton delivered 


56.8 

0.499 

Supplies and sundries 


0.8 

0.008 

Maintenance 

6, 980. 40 


12.2 

0.107 

Total • * 

$57,369.70 

$57,360.70 

10.269.01 


100,00 

, 0.87ir 

Tot.al expense: 

Steam power generation. 


37.6 

0.S79 

Distributicni . 


6.7 

0.158 

C^onsumption 

17.730.74 

11.6 

0.272 

GoTfUi'ie.re.ial , . 

11,472.04 

12,144.63 

29,658.99 

9,850.30 

4,391.98 


7.5 

0,175 

General * 


7.9 

0.185 

Deprciciation 


10.5 

0.455 

tJuflistr ibutcil , . . , , 


6.4 

0.149 

Contingencies 


2.8 

0.007 

t,otai • - , . - , ^ 

$152,887.39 

100.0 

""1340 





160 give some idea of current practice in different classes of power 
plants. 

432 . Eepalrs and Maintenance. — This item ordinarily refers l,o the 
cost of keeping the plant in running order over and above tiic cost of 
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labor or attendancOj and depends upon the age and condition of the 
plant and the efficiency of the employees. Tables 153 to 160 give the 
cost of repairs and maintenance for a wide range in power-plant 
practice. 

433. Cost of Power. — The actual cost of producing power depends 
upon the geographical location of the plant, the size of apparatus, the 
design, conditions of loading, system of distribution, and the method 
of accounting. Tables 151 to 160 compiled from various sources give 
the detailed costs of a large number of central and isolated stations. 


TABLE 157. 

COST OF GKNERAT[NC1 1000 LB. STEAM.^ 
N. Y. Buildiiiga — Stoaiu Ilonliuja; Only. 


( 1015 .) 


No. of Buildiiip;. 

I 

2 


4 


6 

Type of building 

0 

h 

0 

I. 

I) 

0 

No. of floons 

25 

12 

25 



.... 

Building vol. cu. ft. (million) 


4 

0.5 


15 


Duration of test, days 

if) 

4 

5 

4 

40 

151 

Steam generated, 10*00 lb 

mil 

302 

485 

124 

10,310 

30,890 

Tons of coal, gross 

117 

27.0 

30.3 

11,3 

783 

2540 

Rate of evaporation 

0.15 

5.84 

7.13 

4.91 

5,89 

0.31 

Average outside temperature 

30.7 

34.2 

39.0 

37.0 

34.8 

40.0 

Boiler capacity, hp 

381 

000 

000 

800 

1200 

900 

Maximum boiler, hp 

280 

300 

330 

150 

000 

850 

Average boiler, hp. 

100 

80 

150 

50 

235 

350 


C5oHt iHir lOOO Lb. Si <vun. 


Oolil 

Labor 

Ash removal 


$0,191 

0.019 

O.OlO 


10 201 
O.OSf) 
0.011 


Water (mak(Mip) 

Eleetrie currenlf (foriual <lrafl.) 

Electric curnait (boiler fe(‘(l pump) 

Supplien 

EepairH and miHcellaneouH 


O.OM; 

(M)(H 

0,001 


(UkV) 

(toil 

0 001 


$ 0 . 10 .") 

0.079 

0.009 

OdlOT 
0.007 
0.000 
0 002 


$ 0,208 

0.251 

0.021 

(b02I 


$ 0,200 

0.052 

OOKIS 

0,(K)7 

O.OOS 


$0, 1K7 
0.050 
0.007 
0,001 
0 000 


o!o 62 (Vom 
0.001 0 000 


00)00 

i),002 


T()(4i1...... 

Fixed eliarg(i on invcHtmerit 
Total eoHti pm* 1000 Ib. . . 


$0,272 

0.029 

$ 0,001 


$0,017 
0 051 
$0,008 


$0,275 

0,051 

$0,029 


$0,505 

0.081 

$0,019 


10,285 

0.014 

$0,029 


$0,205 

0,000 

I0.29H 


"U/' onirc I)uil<lini»;; L/' Loft bullditijr.; *' I),'* DopaHmont ubifo, iH»t' ttjn In nil 

buildiTWH. 

"’From report, of the Htnllon Ormratinp; ComiuitUH), Niitiomd Uwtrkit Iloiabiij; Awwiailon, r«d 
Juno J, 11)15, at (JhlcuKO, 
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TABLE 158. 

SOME POWER COSTS FROM A MODERN APARTMENT HOUSE. 


(New York.) 

Original cost of plant on the foundation, 1909 $113,424 

Present value at 10 per cent charged off each year 60,279 

Average Cost per 24 hr. for 1916: 

Labor $39 59 

Coal 54 13 

Ashes 1.66 

Oil 1.27 

Supplies 7.01 

Repairs 4.61 

Improvements .65 

Depreciation (10 per cent on $60,279) 16 51 

Total cost per 24 hr . "$125.43 

Average cost per hr 5.22+ 

Quantities and Costs for Year Ended Dec. 31, 1916: 

Water consumed in boilers per 24 hr. (ventuid-mcter measured), lb. . 376,911 

Coal consumed per 24 hr., lb 38,828 

Ashes put out per 24 hr., lb 6,538 

Average horsepower-hr. developed per 24 hr 10,925 . 04 

Average horsepower-hr. developed per hr 455 . 21 

Water evaporated i)er pound of coal (actual conditions), lb 9.271 

Water evaporated per pound of coal (from and at 212), lb 9.707 

Coal (No. 3 Buck.) consumed per hp.-hr., lb 3.55 

Ash, i)er cent 1G.8 

Ash per analysis (commercial) 12.48+ 

Cost per hp-hr., dollars 0.0114 

Kw-hr. delivered to board for 1916 788,129 

Av(U'age kw-hr. p(;r 24 hr 2,159 

Av(uag(i kw-hr. per hr 90 

hjleetric load was 21 per cent of total load and 

Cost per 24 hr., dollars 26.34 

Cost per hr., dollars 1 . 10 — 

Cost per kilowatt-hours, dollars 0.012+ 

Income from store lighting per 24 hr., dollars 9.00 

N(it operating cost per 24 hr., dollars 116.37 

Net operating cost p(ir hr., dollars : 4.85 

Net hp-hr. cost, (lollars 0.0107 

Net kw-hr. cost, dollars ' . . . . 0.0114 


Your. 

Avemgo B.t.u. 

Averago AhIi, 
I^or <r)ont. 

Avorago 

Pot CJont. 

Avorago Coal per 
Hpdu*.. Lb. 

Avomgo Coal 
Coat per 
Hp'hr., 
Dollara. 

1912.. ... 

1913 

1914 

1915.. ... 

1916 

12,672.22 

12,538.46 

12,826.43 

12,825.01 

12,796.40 

14.70 

14.687 

14.425 

J3.57 

12.48 

6.81 

7,0.5 

0.;J86 

6.7r> 

7.06 

3.891 No, 1 

4.427 Nos. 1, 2<fe3 
3.487 No, 3 

3.329 No. 3 

3.554 No. 3 

0.0059 

0.0060 

0.0051- 

0.0043 

0.0049+ 
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TABLE 159. 

COST OF ONE HORSE POWER PER YEAR. SIMPLE ENGINES, NON-CONDENSING. 
lO-HOUR BASIS. 308 DAYS PER YEAR. 

(Wm. O. Webber, Engineering Magazine, July, 1908, p. 563.) 


Size of plant horse power 

Cost of plant per horse power 

Pixed charges at 14 per cent 

Coal per horse-power hour, in pounds — 

Cost at $4.00 per ton . . 

Attendance, 10-hour basis 

Oil, waste, and supplies 

With coal at $5.00 per ton 

VYith coal at $4.50 per ton 

With coal at $4.00 per ton 

With coal at $3.50 per ton 

With coal at $3.00 per ton 

With coal at $2.50 per ton 

With coal at $2.00 per ton 


20 1 

40 1 

60 1 

80 

$200. 

00 

$190, 

,00 

$180. 

,00 

$175. 

00 

28. 

00 

26. 

.60 

25. 

.20 

24. 

50 

12. 

00 

10. 

,00 

9. 

,00 

8. 

00 

66. 

00 

55. 

,00 

49. 

50 

44. 

00 

30. 

00 

20. 

.00 

15. 

,00 

13. 

00 

6. 

00 

4. 

,00 

3. 

.00 

2. 

60 

146. 

50 

119. 

,35 

105, 

,07 

95. 

10 

138. 

25 

112. 

,47 

98. 

80 

89. 

60 

130. 

00 

105. 

.60 

92. 

,70 

84. 

10 

121. 

75 

98. 

.72 

86. 

,51 

78. 

60 

113. 

50 

91. 

,85 

80. 

,32 

73. 

10 

105. 

25 

84. 

.07 

74. 

.13 

67. 

60 

97. 

00 

78. 

,10 

67. 

,05 

62. 

10 


TABLE 160. 

COST OF ONE HORSE POWER PER YEAR, COMPOUND CONDENSING ENGINES, 
lO-nOUR BASIS, 308 DAYS PER YEAR. 


(Wm. 0. Webber, Engineering Mttgnzino, July, 1908, p. 564.) 


Size of plant horse power 

100 

200 

300 

400 

500 

000 

Cost of plant per liorso power. . . 

$170.00 

$140.00 

$120.00 

$110.00 

$90.00 

$85.00 

Fixed, charges at 14 per cent 

23.80 

24.40 

17.65 

15.40 

13,45 

u.oo 

Coal per horse-power hour, pounds 

7.0 

6 5 

6.0 

5.5 

5.0 

4.5 

Cost of fuel at $4.00 per ton 

38.50 

35.70 

33.00 

32.00 

27.50 

24.70 

Attonilauco, X 0-hour basin 

12.00 

10.00 

8.00 

7.25 

6.20 

5.40 

Oil, waste, supplies 

2.40 

2.00 

1.72 

1.45 

1.24 

l.OH 

Total 

70.70 

08.10 

00.97 

50.10 

48.39 

43.08 

With coal at $5.00 per ton 

86.40 

77.10 

09.22 

C.1.90 

55,20 

49.28 

With coal at $4.50 per ton 

81.50 

72.00 

65.07 

58.10 

51.79 

46.18 

With coal at $4.00 |)or ton 

70.70 

08.10 

60.97 

56.10 

48,39 

43.08 

With coal at $3.50 per ton 

71.00 

03.70 

50.82 

.'iO.fiO 

45.04 

30.98 

With coal at $3.00 per ton 

67.00 

59.20 

51.07 

46.70 

41.49 

.16.88 

With coal at $2.50 per ton 

62.30 

54,75 

48.51) 

43.00 

38.83 

33.83 

With coal at $2.00 per ton 

57.45 

50.25 

44.47 

'10.10 

U.M 

30, 7r 

Size of plant horse power 

700 1 

800 

900 ! 

1000 

1500 

2000 

Cost of plant per horse power. . . . 

$76.00 

$69,00 

$04.00 

$60.00 

358.00 

150,00 

Fixed charges at 14 per ctmi 

10.65 

9.05 

8.95 

8.40 

HJ2 

7.85 

Goal per horse-power hour, pouinls 

4.0 

3.5 

3,0 

2.5 ' 

2.0 

1.5 

Cost of ftKil at $4.00 per ton ...... 

22.00 

19.20 

10.50 

13.75 

11.00 

S.25 

Attcanianoc, 10-hour has is 

4.70 

4.15 

3.75 

3.50 

3. 25 

3J0 

Oil, waste, stipplies 

0.94 

0.83 

0.75 

0.70 

0.05 

0.60 

Total ! 

38.20 

33.83 

29.95 

20.35 1 

23.02 

19.70 

Witli coal at $5.00 per ton. . 

43.79 

39.73 

34.05 

29.80 ! 

25.77 

21.75 

With coal at $4.50 i)er ion. 

41.04 

30.28 

1 32.00 

28.05 

24.39 

20.72 

With coal at $4.00 per ton .i 

38.20 

33.83 

i 29.95 

20.35 

23.02 

19 JO 

With coal at 13,50 per ton — . . . . 

35.54 

31.48 

27.87 

24.60 1 

21.04 

18.67 

With coal at $3.00 per ton 

32.70 

29.03 

, 25.80 

22.90 

20.27 

17 J5 

With coal at $2,50 per ton 

30.04 

27.18 

1 23.75 

21.20 1 

IH.89 

16.60 

With coat at 12,00 per ton — .... 

27,29 

24.23 

21,70 

19.47 i 

17.52 

18.57 
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TABLE 161. 


COST OF POWER. 

Pacific Gas and Electric Company. 


Kilowatt-hours generated by steam . 



. 85,707,854 

Kilowatt-hours generated by transmission . 


. 7,787,959 





93,495,813 

Kilowatt-hours sold 




. 68,797,090 

Kilowatt-hours lost in distribution . 



. 24,698,723 

Per cent loss, 26.5. 






TOTAL COSTS. 


Revenue from sales 




$2,730,248.00 

Cost of generation 



. $729,315.00 


Cost of distribution 



. 347,182 00 


Cost ‘of administration .... 



. 943,363.00 

2,019,860.00 



Net 

earnings 

$710,388.00 

UNIT COSTS, 

CENTS 

PER KILOWATT-HOUR. 


Generation: 



Distribution: 


Labor 

0.225 


Labor 

0.216 

IVLatcnals 

0.731 


Materials 

0.098 

Repairs 

0.104 


Repairs 

0.191 


1.060 



0.505 

A dminisini tion: 



Summary of Unit Costs: 

Labor 

0.271 


Generation . . . . 

1.060 

Materia, Is 

0.082 


Distribution . . . 

0.505 

Legal Expenses 

0.021 


Administration 

0.576 

Fire Insurance 

0.005 


Interest 

0.006 

Bad Debts 

0.020 


Depreciation. . 

0.789 

Advertising 

0.008 



2.936 

Damages to persons 

0.005 




Rental 

0.005 




Taxes 

0.153 





0.570 





iM, Elements of Power-plant Design. — The real problem which 
confronts i.hc designing engineer is not so much the selection and 
arrangement/ of apparatus for a given set of conditions as it is to foresee 
the (X)nditions under which the plant is likely to operate. For this 
reason thc'. plans for tlu'. station should bo examined and approved by 
an ('.xp(ni(m(;ed (kvsigning cuigineer, in case expert service is not cin- 
ployetl at/ the outset. It is not sufficient to have a mechanically per- 
fect platit/, t/hough of co\irse proper installation is of prime importance. 
The (‘,hoi(;o of fuel, selection of type of prime mover, size of units, 
provision for future expansion, and similar factors bear considerable 
weight upon tlu^ economy of operat/ion. Kach proposed installation is 
lik(dy lio bo a probhuti in itself, and though similar plants may be used 
as paU/oriiB, each case should bo worked out on its own merits. 

The most important fa(d*/or in the design of a power sta/tion is the 
dctermitiat/ion of the probable load curve. Tliis refers not; only to the 
average yearly load but also to the maximum daily load whi(ih is likely 
t/O o(unir, ih(^ minim.um daily loa<l, temporary peak loads, and probaldo 



TABLE 162. 

CENTRAL STATION STATISTICS FOR THE STATE OF IOWA. 
Commercial Stations. 


882 


STEAM POWER PLANT ENGINEERING 


uoiq.'Giado jo sjnojj 

o 

(M 

OOOOO OOOOOO ooooo ooo 
lOCOeOCOO -^OIOOCO COCOOOCO OOCO 
ccu>-l0t»0 C<IC5b-COl>* t~l>-COCSt^ 

CDOO OOCO OOCOOOOOOO OOQOOOt^OO oot^oo 

7502 

6943 

5960 

8400 

8760 

8760 

'p8:).onp90 g.on uoTC^nTooidoa; 
pnR ';saia:).ni ‘p^^saAiix OOlS 
jad nopRjado raojj sSninj-Bg; 

03 

OOOC-b- OO O CO CO CO cOCOt^ 

caooious cocococoo osoifscsco 

(MOW500CO eOOOl>-W»0 -ct^ CO ■*-! CD 0 0x0 

tfyy-t (N C<|tH y^r-i tH rH i-H i-l t-( 

11 68 

10 46 

11 06 

28 61 

17 15 

•^^naQ jaj ’einooni 

BSOJ0 ox asuadxa; jo 

00 

oocococq CSJOrttt^OO t-H r-< cO CO CO CO 00 CO 

(NOt^xOCO XOI>.OOCOO OOOOcOrH eov-io 
OOOt'KSCO Xioiococoeo 03 (0 00 30 <30 00 00 03 

72 0 
78 4 
75 8 

57 4 
60 7 

•sxnaQ ‘ap^j^ 
lad amooni ssoiq 

t«- 

T-ICO CO tHCO C» COCMxOCOOO CO 

xooo CO*’ .l>-'r-I-C0 001>-OOCO !>. 

T-l • • rH T-( 

r-1 -cn CO t- CD —I 

<33 03 00 t- xo OS 

•paxsaAnj 

001$ J9d auiooti j ssoiQ 

CO 

OOOOO ooooo ooooo ooo 

NOXCCOCO COi-m-tOCO OOKMCSOOO t-COO 

O (M 1-1 COi-<COC<IOO OOCJSCOCS eOXOCCJ 
COXO<MCD(M XOCOC'XXOCO iO lO CO rH CO XO CO 

43 27 
48 74 

42 80 

67 10 

43 60 
20.00 

lad ainoonj ssoiq 

t-H 

QOCOOOOO Cvl I-C xo CO .HiHCOxrsoO COCOii^ 

xocoxoio'ijt 30(0(00300 t-COOSOt- OxoeO 

OCSsCOCOCO COCDxOxOt^ Ot-O 

6 70 

6 03 

5 35 

6 98 

6 74 
5.71 

•lanmsuoQ lad auioonj ssoiq 

■«*( 

$34 70 

24 00 
18 00 
28 10 
26 70“ 

46 90 

37 90 
32 70 
32 00 
44 00 

35.80 
32 40 

25 80 
36 10 
48.60 

38 90 
48 60 
47.20 

35 47 
30 40 
34 70 

36 60 
29 30 
33 30 

•SnTX'B'ji JO 

XX'B.wop;^; aad araoonj esoiQ 


$78 00 
120 00 
77.10 
60 00 
42.70 

172.50 
96 10 
49.00 
120 00 
61.60 

37 10 
204 30 
98 70 
81 10 
60 80 

200 00 
73 00 
151 00 

99 06 
85 40 
93.70 

124 60 
130 80 
100 00 

•'Bxxd'BQ jad xtiaraxsaAai 

CCl 

14 71 
11.32 
20 00 
11 67 
21 01 

17 88 
30 87 

15 82 

13 10 
17.91 

7 40 

16 70 
10 00 

15 33 
39.10 

14 18 
13 50 

16 90 

17 08 
13 00 
13 15 

10 40 
15 45 
28 60 

•SaiX'B'a; 

JO xX'BAiop;^; jad xnaiaxsaAni 

- 

OOOSCOCO iJ<C3S(NC-^ i*4Ot'-0S00 'Cfl.-lO 
X0i*<*itl00 (NOi-i(MCO c-ocooo i-H eO rfl 
<M<MCO Cd CO CO Cfl 1-H XOrHCQCO CO iH C<l 

C!SOSC3S XOOO 

COCOrH OOOO 

(W iH iW ^ CO XO 

•Xnao 

jad ‘joxo'Bj P'Bot; Smx'Bjado 

o 

18 0 
20 0 

13 3 

17 0 

25 3 
25 0 
38 0 
15 9 

27.0 

22 2 

24 3 
32.6 

27 0 

25 4 

•Xaao 

ja<i ‘JOXO'Bj[ I^nny 

03 

12 8 
20 0 

13 3 

17.0 

25 3 
23.7 
31 2 
15 9 

21 5 

20.1 

16.3 

19.8 

25 9 
25 4 

XnaQ jaj ‘P'^^T oS'SjaAy 

OX SatX'B'y; noiX'Bxg ‘oix'B'JI 

00 

wo 00 00 00 tHi-IOOCSCOiN t>.* 

OOCO*t~ OOi^t O'^Wxo'oOO CO* 

l-( l~t 

12 1 
15 0 
20.3 

19 3 
26 6 
12 5 

•al^; ‘trotx 

-■ejadQ SnijTiQ pno^; aS'BjaAy 

r>- 

1 7 

4 0 

5 9 

14 1 

4 0 

'U 7 

6 0 
11 4 
14.3 

15 0 
19 9 

*24,0 

11 3 
10 0 
17 0 

27 0 
45 2 
25 1 

'XnaQ ja<i ‘pno^; 
paXoatinoQ ox Smx'B^ noix'^XS 

CO 

1-<X0 -^03 cqoO'rt<xO(W xOCM^CCt-W 

1-<CM C3SXOI CO W t- 00 CCCOCO'TttCO 'CO • 

rH W 1—1 

C5S(W O 1-1 

t-00l>. CO • 

*Avs; 

‘aaAoidmg jad Sntx'BR noiX'Bxg 

i 

30 

OCilt-C-xo COOCOXOC5S Xf5xc>0)l^-xrs OOCOQO 
1-1 1-H tM CO cq i-ICOCO(Nrl< -ttCMi-lcOCO r-C^i-i 

e3si*^ xo O 

WCCCO COCOitt 

•sxx^Ai 

•'Bxid'BQ jad Saix'B'jj noTXBXg 

r}- 

OSC-C30XOXO xOOxOOOi-4 OCOOCOC- xo CO O 
xOiCtxoMO OCOCOIXM 

00 CO t- 00 <N t— 

r—t— (0 30 30 

‘SuTX'Bjj nOTXBXg 

CO 

1 

oxoxoxoxo OXOCMXOXO XOOOOXO 0x0x0 
CQl CM CO l> !>• ' 1 C< t*- OO t- ■'(tl xo oa i-H OS 

oscq CO ooo 

cjoooco i*<t=-o 

r-HHW 

•uoixBjTido<i oor 
jad sjaransuoQ jo jaqtnn]^ 

CiJ 

cQcoot'-oo eocowcoco cooosxoos <wxoxo 
cocoxo’coco o’ xOi-i 1 - 1 X 0 OtHCSJCOXo’ coxocsi 

i-< CSJ (N <w 1-H iW(WtHC<Ji-I i-ICqWTH.-l <W i-l <W 

19.3 

20.1 

15.9 

19 1 

23.0 

17.1 

•XOTiXSXQ JO noix'Eindoj 

- 

00001*1 XOOOOO OOOO-cH O O xo 
iit*COOOi-H <WXOOOO xooooeo xoot-- 
eoxococoti. l^t'-iHCOCO ii<xoxO»Oxo xot>.J>. 

1137 

1040 

1290 

2500 

3300 

3500 

Station Number. 

Factor No. 

* * 1 . * . III!!.! 

0»-nweoifxo cot>oocPO* iHcq’coiJ^’xo cdi>^oo 

H 1-1 1P.( 1-1 1-1 1-H T-t .Hl-lT-l 

o 

Average; 1915 

1914 

1913 

Group II; 

19 

20 

21 



FINANCE AND ECONOMICS — COST OF POWER 


OCftO oooooo 

ocoeoeoeoco 
eoeoeo i>- 1>- 1>- t»- 

ooooco cx) oo 00 00 00 oo 

Oi-iO kOOOOO o 

O O CD kO CO CO CO CO CO 

t-r— CO t— r— 1>- 1- 1-. t— 

oooooo cocooooooo oo 

c»oo ooooo o 

kOCDcO coeoeocoeo co 

r-t-t— t— f-r— t— r— r— 

oooooo oooooooooo oo 

OOO kOOOO 

cococo COOSr-i 

t— . t- !>. tH OS co 
oo 0OC3O cot— t- 

OOCOO O lO I>- eo Ca 

oot^ia^ coo^t-Hiooo 

C<J»Oe<J -r-H rH •<#< lO tH 

(M T-t ^ ^ PQ 

MOOOa CNtCOOOCS kO 

koeoko -rCkcDOcOkO oa 

COtHi-H COCDIMCOCO CO 

T-l rH <M 

ococi moakOHit'- CM 

IHOOCO COCOCMCOOa 1— < 

oot— f- O^kOOeO ^ 

OS 00 OO CD CO O 

OOOOt— kOt— >0 

HI CO XH CM 1H rX 

59 0 
66 2 
72 6 

71 5 
62 3 
70 4 
65 3 
74 3 
57 3 

oOkTOr-i oac^or-ko oo 

cDcoco kooooaeot-. — i 

coeoco eo CO K** kO '<*' oO 

kOHicO t-OacOiMca O 

iHOartt OSirarHkOCO CO 

COkpkO COkOCO-eJkkO rtt 

CO O rH kO t- 00 

O kO C- lO CO t— 

kO HI xH CO CO CO 

io®oo oeot^ocMOO 

t^OOCO COTt<iOt>-CO>0 

oorHiM t-cor— oor-t (rq 

rjkcot— COCOHt<(MCO CO 

ot-co Or-t—t-Tt* oa 

kO-rflHk COCOHkoOCM CO 

cor— OS X!l CM CO 

eocoeo cot— t- 

t^coo oooooo 

nooo cot'-»oooeo«o 

colh-xfi O OO t— o 1-1 Tf 

eol— icoi^^CMt-- 

or-o OGOO-HH CO 

oot^Y-H t-oacskcOkO CO 

OOOaiH 'iHOCO'cHCM c<t 

cococo CM (M rcH T-t r-H i—t 

OOOOO O 

CO-OICO (MeOkOHHxM ko 

rHcnkO H'cncRiaai'- co 

ClrHiH rHCOCOrHTH CM 

ko ko o o gs ko 

O CM (M CM OS CM 

cd kO 00 t- O t- 
CO CM CM CO xn CO 

oooot>* OS -t* o ’ll o 

Ktli-I«0 (MOOCMOOOOO 

eocoko '!^^l^oo■Ttl»noo 

Hjoa-rf C0-rt<CikT-H05 CO 

OOkOOS OC't'cfOOO CM 

kOeOkO '<ticot'-kOt-- CO 

kooaco eocooortir— c— 

THTHCa t— iHrHCaiH kO 

COCOkO kfSCOCOCDcO t-> 

CO CO O CO OS CO 

HI CM CO HI rH t— 

CO CO kO CD CO >0 

Ih-eoo oooooo 

OThoo 

cot- CO ruTWcOi— lOco 

coeoco (M CO CO CO 

O-rfO ooooo o 

r-lt-kO COOrHrHT-k t- 

COOOi— ( -rj^ iH *-i oo CO oo 

COCOr+t -rt* 1^ -ktl Ttk oa 

t-OCO OOOOO o 

t>-CMrH CDCOOOOkQ Xh 

eOrHio rHOaeor—co cm 

kO lO HI kO lO CO kO CO 

r— COO OOO 

t— tHCM t-t-o 

rH t— OS O OO tH 

kO kO CO Xtl CO H* 

118 47 
90.64 
101 90 

85 30 
66 20 
106 60 
53 20 
87 20 
80.00 

kooao ooooo o 

l--Or-l r- <Tt(»Hrt(CO CO 

OS Co' O kO kO t- t- CO 

C— OOO 'TtkOar-ikO'rtk kO 

t-CMO ooooo o 

CI-HCCM rH t— cocaco O 

cnrHQO Okocor-h- co 

cococo Oa'Ht'-iOCM !>• 

r— CO o x« o o 

CM t- kO CO rH CO 

r«i ko CM r— CO t— 

cot— c— oooooo 

oo*^heo coi-HCOi-it-o 

-r-tr-Hr-t rHCOr-li-< O'! rH 

ko 00 00 1.0 ici o cj r- 

CDCScO i-HkQGOCOOO 

CNCMCN (MCOSMrH^rH 

249 18.07 
302 19 17 
261 21 30 

182 16 45 
468 29 90 
267 17 20 
395 39 90 
377 56 50 

430 50.70 

353 35 11 
362 30.89 
423 44.10 

204 ' 13 04 
137 1 18 46 
194 15 67 
298 35 70 
157 35 50 

285 28 50 

oo CM o ep <M »o 

HI CO HI CM kO Ht 

Hit— CM rxcood 

CM CM CM CM rHiH 

CO CO rH 00 CM rH 
tH CO CO kO HI kO 

CM CM CM CM CM CM 

<M<NO OOOOOO 

r—eocoaocceo 
Ot CNI CM CO CO CO C« CO CO 

OSCOkO CMOtOCOCO i-k 

cS^csii c5§co'm^o5 ^ 

OrHOa OOt-kOti-O OO 

■Ht r-i oi kO r-( CO kO O CM 

coeoco eocMCMCoco co 

HI »— CO O OS kO 

O rsi CM OS CO gs 

CO CO CO CM CM CM 

!•- 00 t“- »o o o o o <o 

»n CO CO »ra eo CO £30 CO co' 

oSotci cocococscOco 

I-— r>t <M CM o CO eo t-h 

coeoco kOrHC'-OCn rH 

CO <M CM CO CO CO CO CM ■Hk 

OrHoa eoi‘-‘cb~o oo 

■HH rH (M If? rH OS ‘p O <M 

coeoco cocMoieoco co 

HI 1— CO CO kO OS 

O OI OJ CO HI HI 

CO CO eo CM CM CM 

kC5 O CD lOt kO i*H t*“ *0 CO 

ojcdcji 

»H rH r-( CO rH (M CO tH 

kO 00 kO rH r- o CO CO CO 

-HHt^&OeOCid oa 
Ot CM rH 1-H rH Cl Cl 

OCOO l-COCOOCO CM 

1 - «HH kO xH HH OO CO AM 

rHiHrH CO rH rH 1H iH CM 

rHOOCO OOt-CO 

og52 

32 4 : 

29.0 
28.2 

77.4 

70.0 

58.1 
40.0 

118.0 

109.3 

OOkQ-tl CniOOCOCO rH 

60 "kH t2 CO CO 1— Cl rH Cl 

l-l-CO CMCOClOt'r 60 

rH rH Cl CO rH rH 

Cl kp kO OO rf • CO 130 Cl 

ftOCOrtk kpr# "HkrH rH 

koento COOOOO o 

gsri ffiSSSSS § 

rHrnrH kcSkS-Ht^;^ CO 

O kO CO CM CD O 

os' ( m' oo CM I- oi 

CO CM HI COt->Q 

CIS CJS t— CM rH rH 

afsa ss issffi 

?5SS3 S5d3JSSJS 

SRSg SaSS!o§ 

ffS3 sst^sres 

*H 03 O C*T| rH kO It « 1-H 

**“ S S »H tS SiJ 

§si.' iiiiii 

CO ol oT rC? *0 kO H " 

iMttHtk CO 

.(•»< i«H » • • • * 1 

c» OS . . * I ' • ; ; 

^ * * c c *1 

«« P*j » * (1 • a 1 

^“1 ft “ 8 B » a 

S & *"""'* * 

1 ssissssi^iSfi 

^ 0 

sss sgsso S 

COHI^ OHICO 
kO t- HI t— t- kO 

Reooo ScSSSoS ^H 

TM vH 

' Hill 1 

ggg § 

A.i'.I' 'rHeC^.lircn o 

^ s s s So 

lis'sii 

kOHixH rH 

CO XH lO rH AM rH vH HM CO 

no* t-r’ xtl a» HI 00 Cl kO CO 

.p>4 irH rH rH rH rH rH 

^kQkQ tn 

kffi H* W , 1 * » . > 

b : : : i : i 

1 §•’*•:• : 
^ IS 

^ P 

kO kO kO rH xf OO 00 kO rH 

r2 si td S 5h' Ih' 

ill iliii i 

kO "t* tfO • . * . . * 

CR< GO CD 1 * . * » > 

'4 ^ ‘ : ; : : : 

-U O 

00 00 IQ OS rH CD 

CM O* OS ^ J!!l' 

rf0QC» 

• • • kO H CO 

• • • 03 OS OS 

kO HI 00 rH rH TH 

SSS 1? 

rnrHH. ^ 

p 

^ O 



884 


STEAM POWER PLANT ENGINEERlN(i 


future increase. The station load factor and the yearly load factor 
which have such a marked bearing on the cost of operation may be 
closely approximated from the daily load curves. Steam requirements 
for heating and industrial purposes, water supply, and other forms 
of energy requirements should be considered simultaneously with the 



ole('.tri(‘iil <l(^mands since tliese factors largc^ly influmK^e tlu^ vhohu) of 
primes, mover. The', curvets in Figs. (K)l to (HW are taken from lhi\ <laily 
re(H)rds of larges pow(a‘ si-ations in (’Tucago and S(aw(^ to illustrate^ the 
grea»t variat.ion in th<^ cihaitrical power dcanands for <lilTin'(^ni. days in 
tlm year. It is (|uit(^ (widen t that at (xjuipnamt ba.H(Kl sok'Iy upon the 
awcn'agx'. ytwly rcH|uir(nnents may not 1k^ adapted to tlio b«.^,Ht eeo- 
nonii(*al o|)(‘ra.tk)u. 
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The load curves for manufacturing plants may be predetermined 
with a fair degree of accuracy since the power demands for various 
purposes may be readily segregated and analyzed, but with public 



Fig. 601. Typical Daily Load Curves, Large Apartment Building. 

utility concerns and certain classes of isolated si^ations the problem is 
largely a matter of judgment. Thus, in t.he case of an industrial 
phmt, the j)Ower requirements for lighting, manufacturing purposes, 
heating, ventilation, and sanitation may be (doscly approximated since 



Fm. 002. Typi(5al Daily Load Curves, Tall Office Bitikling, Chicago. 

tlu*. of building, ex|K)Hufc, nunibor of floors, and the number ot 
ehwalorH afford a (kdinite basis for analysis; but. witb public utility 
eoucorns Ihc probable load depends largely upon the business acumen 
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of the management in securing customers, the location of the plant 
and future demands. In the latter case the load curve is based chiefly 
upon the experience of similar plants under comparable conditions of 
operation. 

In any case the greatest care should be exercised in estimating the 
maximum peak load which is likely to occur. High peak loads with 
low daily average necessitate the installation of large machines which 
are idle or operate uneconomically the greater part of the time and 



result in heavy fixed (!harge.s. The fiuaiuual failuni of many cdccl.ric 
light and power plants is directly traceabks to tlui failure to c<(nHi(U^r 
the iti(luen(!e of maximum i)oak loads on the ultimate cost of opcs-ation. 
In (iomu'ctiou with ccntral-st.ation servi(!<! (ivery custonKsr n'.presents a 
certain investment, regardless of the amount of power uh(!(L lOveri 
should he <!onsume no power, his account would havt; to be (uiriied on 
th(( books and a certain amount of ecpiipment would have to b(^ lutld 
in rcfadinesM t,o H('rv(^ him. In order that every customer shall incur 
his share of the (expense, the (ixpeuso of the plant must b(» apportioriod 
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between the capacity and output costs. The heavier the peak loads 
the greater will be this charge, and, as is the case with many small 
lighting plants where current is used but three or four hours a day, the 



T8 9 10 11121334=567 89 10 11 12 

A.M. M. P.JM. 

Fig. 004. Daily Load Curve showing Influence of Variable Generator Load 
on Steam Economy. 

readiness to serve charge becomes excessive and either the station must 
operate at a loss or the unit cost will appear to be prohibitive. 

The curves in Fig. 604 arc taken from recording ammeter and re- 
cording steam meter readings of a 200-kilowatt direct-connected and 
a 4r)-kilowatt belted generator sot installed at the power plant of the 
Armour Institute of Technology and serve to illustrate the influence of 
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Fig. 005. Monthly Load Curves, CknnbmcKl Heat and Power Plant, Armour 
Institute of Technolt)gy. 

load on economy for very unfavorable conditions. At 8:00 a.m. the 
small unit is started up with initial load of about 150 amperes. As the 

load iiioroaHOH the water rate, docrcasos, aa is shown by the curve AB. 
At 9: 00 A.M. the load is beyond the capacity of the small machine and 
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the large unit is put into service. The increased water rate of the large 
unit over the requirements of the smaller is apparent by th(^. sudden 
rise in the water-rate curve. This is due to the fact that the large unit 
is operating at only 20 per cent of its rating, against full load for the 
small one. The fluctuation of the water rate with the load variation 
is clearly shown. Evidently the two units arc not of the proper size 
for the particular load conditions illustrated in Fig. 590. During the 
heating months when live steam is necessary for “make-up"’ purposes 



Fig. 606. Yearly fjoad Gurv(‘ showing’ of Ti'iiiix^raiun^ on Goal Gon- 

sumption, OonibincMl Iloat and Pow(t Phud., Armour InnUtutc' of T<H‘hnology. 

the unfavoraf)le engine loa-d has liltle (dTeet on i.lu^ iilihnat(‘ <Ha)iH)my, 
l)ut during the summer months th(‘, loss from (his (auise may be a stadous 
one. 

The (iurves in Ifigs. OOd (.o GOG show (hat. during (lu^ wini.cu* moidhs in 
a combined heat and powcu* phmt (h(‘ fmd nMiuinunents may pra.(v 
ti(*.ally uninfluemaal by the electri(*.al deimuids a.n<l imua^asc^ in (had.ri(*al 
output does not elTeet an appreciable increase in find <x)nsumption, l)ut 
the influence of the ou(.side hanperai.ure is ehuirly indic.at.(Hl 
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PROBLEMS. 

1. The rated capacity of a steam turbine station is 2000 kw. If th(^ annual out- 
put is 6,380;000 kw-hr., required the yearly load facd-or. 

2. If the plant in Problem 1 operates 18 hr. per day for 300 days in th(^ y(uuVnv 
quired the station or curve load faci,or. 

3. If the plant in Probknn I cost $()5.00 per kw. of rated capa(!ity and the annual 
fixed charges amount to 14 per cent, n^cpiinnl the fixed charge's ix'r kw-hr. 

4. A plant cost originally |100,000.()(). It is propostal to (establish a sinking 
fund on a 3 per cent basis. If the weighted lifii of tlu^ plant is assunuHl to Ix' 20 
years and the junk value of the apparatus at the expiration of ilns pc'riod is ('stirnalc'd 
at 15 per cent of the original cost, how imudi monc^y must be placed in th(^ r(^H(a*v(^ 
fund each year. 

5. What will be th(% accumulated fund in Probknn 4 Jit tlu^ end of 15 ycnirs? 

6. A steam plant (^r(i(5t<ul 10 y<iarH ago at a cost of $250,000.00 is to Ix' appraised 
for rate making. The average weighted <^f the (Kpiipimnii is ('slhnattMl a,s 25 years. 
What is th<i accrued depreciation and the pres(‘nt value of the plant tvri th(‘ ‘‘straight- 
line” basis. Salvager assumed to Ixi 10 p(‘r <*.ent of the original cost. 

7. The average fu(‘l consumption of a 30,000-kw. turbo-geux'rator fdant is 2.2 
lb, coal (11,000 B.t.u. per lb.) per kw-hr. for a yearly loatl factor of 0,42. Tlx' cost 
of coal is 2.00 per ton of 2000 lb. arxl the fu<4 (5ost is 45 p('r (Kuit of th<^ iota! Hiaiioti 
opc'rat-ing (iosts. Wl)at» is ihe^ total cost of opc'raiion, <lollars fxr yf»ar? 

8. A 20,00()-kw. turbt>-g(aierator ust's 14 lb. stcuim p('r kw-hr., initial prt'SHun^ 
215 lb. absolutes, superheat 150 deg. fahr., vacuum 27,5 in, r<4(*rre<l to a 30-in, ba- 
ronx^Un*, fcHxl water 180 <l('g, fahr. If the average' ovc^rall boik'r aiul furnace <41L 
(U('ney is 70 per cent and th(‘, calorific value of tfie coal is 12,500 B.t.u. pea* lb,, rev 
ciuire'd tlm ave'rage^ B.t.ei. supplied by the fuel pc^sr kw-hr, geax'rated. De^^'^rmine 
also the' ave'fage' wc'ighi of coal eiseHl per kw-hr. 

0. During Lx^ wint-c'r months all of the exhaust siemm from a 500-hp. nemi-e^oueltmiS- 
ing ('ngine^ is used for lu'ating purposes. Engine ustis an iiverage^ of <10 lb. sit'am per 
kw-lir., initial pn'ssure 125 lb. al)S,, back prwure 17 lb abs,, hiitlal cpiality OH per 
cent, f(*ed watc'r 210 deg. falm. If the ave'ragt* ove'rall Ixxh'r anti furnatx^ efilciency 
is 05 per eeait. aixl ilx^ coal costs $3,00 pe‘r ton of 2000 lb. (cahmfie^ value 12,000 lit.u. 
p(»r lb.), what is tlx^ actual cewt of fuel for power only, cents per kw-hr? 



CHAPTER XIX 


TYPICAL SPECIFICATIONS 

435. Specifications for a Horizontal Tubular Steam Boiler. * — The 
following specifications for one 72-inch horizontal return tubular steam 
boiler, pressure 150 pounds, were prepared by the Hartford Steam 
Boiler Inspection and Insurance Company for the Armour Institute 
of Technolo^, Chicago: 

This specification is intended to cover the construction of one hori- 
zontal tubular boiler designed to operate at a maximum pressure of 
150 pounds per square inch. Each bidder must submit a proposal 
for doing the work exactly as specified but alternate proposals involv- 
ing slight modifications will also receive consideration provided such 
modifications are fully described. 

The Boiler Contractor shall furnish the various accessories men- 
tioned herein and he shall also provide all the necesKsary miscellaneous 
iron or steel work as hereinafter enumerated. The Contractor under 
this specification will not be required to construct foundations, brick- 
work or other masonry. 

Drawings, — Drawings prepared by The Hartford Steam Boiler 
Inspection and Insurance (Jompany accompany this specification and 
arc made a part hereof; the drawings and specification are intended 
to sup])lcTnent each other and to bo mutually co-operative, and, unless 
otherwise noted, the Boiler (kmtractor shall follow all details and shall 
furnish all par<;S and fittings which may b('. required by the drawings 
and otnitted by the specificaiion, or vice versa, just as though required 
by both. The said drawings arc identified respectively by Nos. 6260 
and 4890. 

General Dala. ~ Th('. boiler with its fittings shall be constructed and 
furnished in accordance with the following general data and 


dimensions: 

Dia/meter measured on inside of largest course 72 inches. 

Nutnber of cMrses Three. 


Thickness of material : Heads, -jV h^^^h. Buttrstraps, inch. Shell- 
plates, iiudi. 

Girth seams : Single-riveted lap-joints with rivets spaced 2| inches 
on contcu’H. 

Longilwlinal seams Quadruple-riveted butt-joints. 

Diameter of rivets for all seams J (f|-inch holes). 

Tubes : Numl)er, 70. Diameter, four inches. Length, 18 feet. 
Thickness, 0.134 inch. 

* ,Paragraf)hH pertaining to prop(^rti('H of Bteel plates, rivets, and tubes have been 
greatly abridged becaiiscj of space limitation, 
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Bfdces obovs tubes : Number on each head, 20. Least diameter, 
1| inches. Diameter of rivet holes for attaching, I inch. Least 
cross-sectional area through sides at each rivet hole on head end, 
0.55 square inch; ditto on shell end 1.10 square inches. 

Through-braces below tubes : Number, 2. Least diameter, two inches. 
Least diameter of upset on front end, 2^ inches. Diamctei- of 
pin, If inches. Least cross-sectional area through center of eye, 


3.83 square inches. 

Size of blow-off 'pipe ^2 jnelies. 

Diameter of nozzles : Steam opening h mclies. 

Safety valve connection inches. 

Size of feed-pipe ■ 0 inonos. 

Manholes : One in front head below tubes and. one ni top ol sIk‘11. 

Size of grates 72 inches long by G(i inches widc^. 

Height from grates to bott(nn of shell, at front end 4b iindu^s. 

Snvoke-Box : Bolted to front head by clip anslos. Sinolcc opcniiif!; 


60 inches by 14 inches. 

Style of Front ■ 

Fittings to be furnished with the boiler as follows: ~ One ten-inch 
steam gauge graduated from 0 to 225 pounds, brass siphon and 
union-cock for gauge, two 2.]-hich safety valves with minimum 
lift of 0.08 inch, flanged Y-basc for safety valves, three IJ-inch 
gauge cocks, one combination water-column, one J-iuch ga,uge glass 


14 inches long. 


Method of Support. - ■ The, boiler shall be suspeudiMl by means of 
U-boltsanci steel hangers, from a framework made up of four I-beams 
and four columns, l-boams shall be eight inches deep a,n<l shall weigh 
18 pounds per foot; they shall he assembled in jiaiis by means of tie- 
bolts and separators, spaced near mich en<l and at intervals of not 
more than four feet, in such mannm- that the adjacent, eilges will be 
throe Inches apart. If cast-iron columns are usi'd t.hey shall he round 
with an outside diameter of eight inches aiul a thickness of ^ inch. _or 
square with a width of eight indies and a thickniws of ;[ ineh. Six- 
inch rollecl steel Il-bcaras, weighing 2:5.8 pounds |)er fool,, may bi' used 
for columns but no other form of si.ructural steel e()lumn_ will be ap- 
proved unless it can bo shown t,hat the safe lojul (figured in the usual 
manner with regard to length and radius of gyration) will hi‘ equal to 
that which can be allowed on the ir-h<uuns s])eeifie<l above. Ht,eel 
columns shall have suitable ba.se-plat,es and (ia,p-plat('s rivdedon a, ml 
cast-iron columns shall be made with I, op and bott,oni fla,ngf'S of pm|)er 
design. Details of hungers, U-bolts, etc., are shown on the, accompany- 
ing drawing. 

Froperties of Sled Plates. —• {('\mn\ml reipnrementH have been 
omitted.) Cloinplcte t(wl,s must be made to show that each ihile will 
fulfill the above requirements in regaril to tensih' strength, elastic 
limit-, cheniical comtxisition, elongation, Ixmdiug, ami homogemnty; 
and a-ny phites failing to meet fhe said reciuiremenf-s shall be rt'jeeted. 
One (('iision, one cold-bend, and one queueli-bemi test shall be made 
from <‘iuh plate as rolled. All details in regard to size^ and shape of 
sp<x*iineiiH, method of making twts, etc., shall bo in strict aecordauee 
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with the “Requirements for Testing Steel/' as adopted by The Hart- 
ford Steam Boiler Inspection and Insurance Company. 

All tests and inspections of material may be made at the place of 
manufacture prior to shipment. Certified copies of reports of all 
tests must be approved by a representative of The Hartford Steam 
Boiler Inspection and Insurance Company before any of the material 
covered thereby is used for any portion of the work contemplated by 
this specification. 

Stamping, — (Omitted.) 

Rivets. — (Omitted.) 

Details of Riveting. — Longitudinal seams shall be of the butt-joint 
type with double covering straps and the details shall be as specified 
herein and as shown on the accompanying drawing, except tihat the 
pitch of rivets in the outer row may be increased or decreased (with 
corresponding changes in the pitch of rivets in the other rows) in cases 
where such changes are desirable in order to secure a proper spacing 
of rivets between girth seams. It must be understood, liowever, that 
no such change can be made without the consent and approval of the 
inspector having jurisdiction and no such change shall be allowed if 
it will result in a factor of safety lower than 5.00 or if it will produce 
a pitcdi too great for proper calking. Except for rivet holes in the 
ends of butt-straps, the distance from the cenier of the rivet to the 
edge of t.he plate must never be less than one and one-half (l|) times 
ih(^ diametcu* of t-he rivet hole. The seams must be arranged to come 
w(dl a.l)()ve tlu^ fire-line and to break joints in the separate courses. 

Rivet holc'.s sliall 'eiilier be drilled full si/.e with plates, l)utt-straps 
and heads bolted up in position or else they shall be pumdied at least 
one-ciuarter inch (]") less ilian full size. If the lattor method is used, 
plates, si.raps, and heads shall l)e assembled and bolted together after 
punc-hing and th(‘. rivet holes shall be drilled or reamed in placje one- 
sixt(Hmth ituli (iV^O burger than the diameter of ihe rivets. After 
regaining or drilling, phites and butt-straps shall bo disconnected and 
th(‘. burrs r(unov(Hl from the (nlges of all rivet holes. If any holes arc 
out of true more than oue-sixty-fourth inch (A")j they must be })rought 
itd^o lin(^, with a reattiei* or drill; evidence that a drift-pin has been used 
for this purpose'- will be suffickuit cause for the rejection of the entire 
work. Thc^ plates must- be rolled to a true (drcle before’: drilling and the 
buti-si.raps and (mds of plates fontiing the longitudinal joints must he 
fornuHl to t-he prop(n* curvature by pressure, not by blows. Par- 
ri(nilii.r (‘-an'- must be used to secure propeu* fitting wh('-rc the (jourses 
tel(^HC‘-op('- ioget.her at girth seams. This is a matter of the utmost 
import-anc-c and the results obtained will be (‘-onsidered as a criterion 
of the gcmeral (diara(!ter of the workmanship throughout. 

liivc^ts must Ix'- of sulfudcnt length to completely fill the rivet holes 
and form lumh eciual in strength to the bodies of the rivets. Rivets 
shall b(^ mariune driven wherever possible, and always with sufficuent 
pressure to entirely fill the rivet holes; the authorized inspector of 
The Hartford Bteani lioiler Inspection and Insimmce (Company shall 
have- tile’s privilege of cutting out rivets to mo if satlsfacd-ory rc^-sult^s 
liave been obtained and all such work of cutting rivets and replacing 
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them shall be done at the expense of the Contractor. Rivets shall be 
allowed to cool and shrink under pressure. 

Calking and Flanging. — All lacking edges shall be beveled to an angle 
of about fifteen degrees (15°) and every portion of such edges shall be 
planed or milled to a depth of not less than one-eighth inch (|'')- Bevel- 
shearing will not be acceptable in place of planing or milling but chip- 
ping will be allowed in special cases provided the workmanship will 
meet with the inspector's approval. All seams must be carefully calked 
with a round-nosed tool. 

Flanging must be performed in such manner that the flange will 
stand accurately at right angles to the face of the sheet a,nd ilie straight 
portion of the flange must be long enough to allow for making a perfect 
joint with the shell plate. The radius of the bend, on the outside, 
shall be at least equal to four times the thickness of the head. 

Tubes. — (Chemical requirements and method of testing have been 
omitted.) Each tube must be legibly stenciled with i.he name or brand 
of the manufacturer, the material from which it is made (steel or (‘bar- 
coal iron), and the words ^'Tested at 1,000 lbs." 

All tests and inspections shall be made at the place of manuf{M‘.t.urc 
and the Boiler Contractor shall require the tube manufa<‘.(-ur(n‘ to (*,er(ify 
that the tubes have been tested and have met thc^. requir(^m(m(.s Htat.ed 
above. Tubes shall be rejected when inserted in the boilcu* if th(\y 
fail to stand expanding and beading without showing ci*acJ<.s or flaws, 
or opening at the weld. 

Tube h<Vles may either be drillcMl full si^50 or puncluMl so a.s to have 
a diameter at least oncvhalf incdi (.y') less than bill a^nd iflien 
drilled, roamed, or finishcMl full size with a rotating (uitder. The full 
size diameter of the hole shall be aV grc’sa.ku* Gum l.lu^ outsid(^ tulx^ 
diamcd/cr. Edges of t.ube hok^s shall be properly (dumdenMl 

Tubes shall be set with a Dudg(X)n (^xpamk'.r and all (uuls sludl l)t^, 
substantially b(\aded. 

Staying, — The number, size, arrangcunent, and g(ui(U’aJ d(^i 4 uls of 
stays or bracers are specifuMl on page — and shown on drawing. 
No changes shall be made in tbe number and kxjation of brmx^s without 
the approval of The Hartford Ktoain Boik'.r Inspcx’.tion and Irmurance 
Company. All bracjes shall be made of solid, weldle-ss mild sI.chT 

Braces above the tubers shall be of the diagonal crowfoot form and 
none of them shall be less than thnn^. fcMd., six iiu»h('.H (.1' (i") tong. 
Each brace shall be a^ttachcMl by means of four rive^ts, two at. (uu‘h <md; 
rivets of a largcu' dianuder than sptuufuHl on pag(^. may uscxl if 
proferrcxl, but the cross-se(^tional ixvm througli Gx^. hracx^ at. Gx^ sidc^s 
of the rived, holes must be maintaiixxl as (tailed for. Brinx^^s having 
a rectangular crosM(xd.ion may be used providcxl t.lx*, tn*<ms-H(Xitional 
area, of (umh l)ra.c,e is (xpial to that of ea(‘h of the round braecs spcxdficxl, 
a4xl provickxl also tha.t the rcxpiirementH r(^ga.rding sizt^ of rivcd.H aixl 
ixd'. area, through rivet hobs are fulfilled Bra(x^.H must be, (* 4 ircdhlly 
set to bear uniform tension. 

Through brao<'.H shall be uH(xl Ixdow the tulx^s, (extending from hc^acl 
t.o head. Each shall b(^ upset on the r(*a.r emd, U> form an eye 
a,iul tlx^ sliall bc^ inscndcxl IxdwcHui the* ouiHt.andiug legs of a pair 
of anglcHfons and Ixid in plmm by a turmxl bolt passing through holm 
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drilled in both angles and in the eye. The angles shall be securely 
riveted to the rear head in the manner shown on the drawing, being 
held at a distance of three inches from the head by means of spacers 
made of extra heavy pipe. Spacers must be accurately squared on 
both ends so that they will all be of the same length and will furnish 
a rigid and uniform bearing for the angles. Through braces shall be 
upset and threaded on the front ends and shall pass through the front 
head, being secured with nuts and washers both inside and outside. 
The center line of the braces at the front head must not be lower than 
the center line of the manhole. 

Manholes. — Manholes shall be oval or elliptical in shape, not smaller 
than fifteen inches long by eleven inches wide, and shall conform to 
the following requirements : — 

The manhole in the top of the shell shall be placed with its long 
dimension crossways of the boiler. The frame shall be made of pressed 
steel formed to the proper curvature, and it shall be riveted to the 
inside of the shell with two rows of rivets symmetrically spaced. Based 
on the allowance of 44,000 pounds per square inch the size and number 
of therivci,s must be such that their total shearing strength will not be 
less than twice the tensile strength of the plate removed, as figured from 
the cross-sectional area in a plane passing through the center of the 
manhole and the axis of the shell; the net cross-sectional area of the 
manhole frame, as cut by such a plane, must not be less than the cross- 
sectioTial area of the plate removed in the same plane. 

The manhole in the front head shall be formed by flanging the head 
inwardly to a depth of not loss than throe times the thickness of the 
head all around the opening and a siiccl band shall be shrunk on, pinned 
in position, and properly machined for the gasket bearing; the band 
will not be requircul if a recessed manhole plate is used. 

All ne(‘x>,ssary manhole plates, yokes, l)olts, and gaskets shall be fur- 
tiishcd to make 1/he installation complete, the various parts being 
proportioned so as the have a strength ecpial to that of manhole frames. 
Ma.nhole plates and yokes shall be made of pressed steel. Gasket 
bearings sliall be at k^ast one-half inch (i") wide and the thickness of 
gask('.tis shall not exceed one-ciuarter inch (J")- 

Nozzles . " Nozzles shall be made of pressed or cast steel and shall 
l)e of lieavy and substantial <lcsign properly adapted^ to ilie pressure 
to 1)e c,?inicd. They must be accurately shaped to fit the curvature 
of the shell and mtist be carefully and securely riveted in place in such 
manner thiit the faco of each flange after erection will lie in a hori- 
zontal plane pa.rallel with the upper surface of the tubes. The flange 
of ca(‘h nozzle must be properly faced. 

Feed Piping. Feed piping must be firmly supported in the boiler in 
such maimer that no portion of the piping can be in contact with any 
of the tubers or other parts of the boiler. The feed-pipe shall enter the 
boiler through the front liead by means of a brass or steel bushing 
placrvl on the Ic^ft-hand side of the boiler, three inches (3") above the 
top of Wk'. upper row of tubas as shown on the drawing. The feed- 
pipe shall («t,en(l back from the bushitig to approximately three-fifths 
the Icmgth of Ixiiler, crossing over to the con ten* and discharging above 
tlie tul)cs* Tho pipe must not clischarge in proximity to any riveted Joint. 
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All external feed-piping will be furnished under separate contract 
but the Boiler Contractor must leave the threads in proper condition 
so that the piping can be readily connected. 

Blow-off Pipe Connectwn , — A connection for blow-off pipe shall bo 
provided on the bottom of the shell near the rear end, as shown on the 
drawing. It shall consist of an extra-heavy pressed steel flange, prop- 
erly tapped for the blow-off pipe and securely riveted to the boiler 
shell. 

Fusible Plug. — A fusible plug shall 1)0 phiced in the r(ia,r hea,(l, on the 
vortical diameter, and the center of the plug must not less than 
two inches (2") almve the upper surface of the tubes. Tlu^ plug must 
project through the sheet not less than one inch (E')- 

Fusible plugs shall be filled with pure tin the leas!/ dianuh-er of whicR 
shall be one-half inch (-J")- 

Safety Valves. — Suloiy valves shall be of the dirc(‘d spring-loa,<l(Hl 
pop type with seats and discs of nickel or other non-ferrous nmt('riaL 
Valves must operate without chatlnring and musi- ]>a s('t a-nd a.djusi;(xl 
to close after blowing clown not more tha,n six pounds ((> lb.), Si)rings 
must not show a permanent s(d/ excexHling hn‘h (cai minut(^s a4‘i/(a* 
being released from a cold compr(\ssion test closing th(^ spring solid; 
no spring shall be used for a i)ressure in (^xc(\ss of ten p(a* (Had, (10%) 
above or below that for which it was (k^sigtuHl. 

Each safety valve shall have a substa-ntiaJ lifting d(‘vi(‘(^ with lh(^ 
spindle so attachcxl that the valves disc aim b(^ lifta<l from il.s s(Hd/ 
through a distamn^ not lass than om^-hadh of tlu^ nominal dianu'.ter 
of the valves, when tlu'rc^ is no pr(\ssur<' on tlu^ boih'r. 

The following items sluill be plainly stampcnl or (Hist' upon irlu^. body: 

(а) The luune or identifying tr{id(‘-ma.rk of th(‘ ma.nufa.(d.ur<‘r, 

(б) The nominal diameder with tlu^ words *Mh‘V(‘l or ^Gdafc 

HcadC’ 

(c) The st(ann pn’jssure at- which tlu^ valve is s(d, to blow. 

(d) The lift of th<‘. valve disc from ii-s S(ad,, ituaistinal imnuMrmbdy 

afto' the sudden lift <lu(^ to th(^ pop, 

(e) The w(nght of stcaun discdiargcxl in [x^unds per hour at ilia pn^s- 

sure for whicdi it is set to IjIow, 

(/) The letters A.M. M.E. Std, 

Safety valvc^s having a, low(‘r lift than tha.t speedhal on pag(^ d may 
be us(hI b\R the diametHn must be incn‘a.s(Hl })roportionat(^ly as dircMdvd 
by The Hartford Skaun Boik'.r InspcHd.ion a,nd InsununM* ( kntifamy. 

In the ad)S(ni<*,e of any spc'ciflc directions from th(‘ Pureha,sca\ tlu^ 
Boiler (hnt-raetor shall state in his proposal tlu^ mn,ke and style of 
valve whhdi lu^ intends to funush. It is unehn-HlcHal (hah falluri^ in 
do (his will giv(^ the Pmchascir tlu^ rigid, to speahy (he malice of valve 
aften’ (,1c (H)id-rac(. is award(‘d and, in siudi (weid,^ tiu^ Gont.raclior agr(H^s 
t.o furnish any ma,k(^ (,h(^ Pureliaser tnay H(hct. 

FifPtigs.^ T!uMor(*going in regard to (dioosing tlu^ tmiki^ and styb 
of safety-valv(‘s shall apply in tla^ sanu^ marmca* and with (Xfual 
lo tlu^ mak(‘ of ga.ugcwHKdvs, waterKH)Iumn, steam-gauge, vU\ 

Tli(» combinat.ioti (ype^ of waXer-(u>lumn shall 1h» uh«sI and optaiings 
for widen* and s(4‘a,m (n>mHHd.ionH must be (.apped for oncHniid-oiwv 
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quarter-inch (1^") pipOvS. Brass pipe shall be provided for the water 
connection and the piping shall be made up with plugged fittings to 
facilitate cleaning. 

The Boiler Contractor shall properly drill and tap all holes required 
for the installation of the various fittings, including also a one-quarter- 
inch (yO pip^ with valve for the connection of test gage. The sizes 
of steam-gauge, gauge-cocks, and gauge-glass are specified on page 0. 

All nozzles, flanges, fittings, etc., furnished under this specification 
must correspond in diameter, drilling, and other details with the 
American Standard’^ for the stipulated pressure. 

Front. — The front shall be constructed of sectional plate steel or of 
cast iron and the Contractor must state in his proposal which form 
he intends to furnish. If made of steel, the plates must not be less 
than three-eighths inch (|'') thick (except for moldings, etc.) and 
they must be straight and smooth with all edges machined and properly 
fitted to make good joints. Heavy cast-iron door-frames with planed 
surfaces shall be securely bolted to the plates and the fremt shall be 
further reinforced against warping by means of channel irojis or other 
suitable braces placed on the back. 

If made of cast-iron, the fx'ont must be of heavy and substantial 
design and all castings must be smooth, true, and free from cracks, 
blow-holes, or other defects. 

The xisual fire-doors, ash-pit doors, and doors for giving access to 
the taibes shall be provided as shown on the accom])anying drawings. 
All doors must be of heavy design and all contact surfaces must bo 
caa’cfully ma<*bined so that the <loors will fit closely. Each flue door 
musi. be provi<l(Hl with a suitable fastening ah top and bottom, de- 
signed to clamp the door tightly in the closed position and pnwent 
warping. All (loors shall be furnisluHl comphho with handles, catches, 
hinge-bolt/S, et/C., and fire-doors shall hav(^ linei* plates. 

Tlie Boiler ( Vxntracdor shall furnish all ne(^essary amdior bolts for 
holding the front in posit.ion and shall sec that the holes for the same 
a, re propeniy locat^ed in tlu'. steel plates or castings. Anchor bolts 
shall hav(^ a dianudor of at k^ast sev(‘.n-eighths in<ih (J") and shall bo 
threa.ded and provicknl with nuts. 

All parts must l)e carefully made so that, the front will present a 
a.ppcarance after erection. Open joints, loosely-fitting hinges or 
ot.lua* indic.ations of careless workma.t\ship will bo sufficicuit cause for 
nqecdioii mid the Purchaser shall have the option of making any 
n(HiesHa.ry modifi(^a.tions and deducting tlm cost thereof from the 
contnuiti price or of recpiiring the ( kmtractor to furnish new parts which 
will be satisfacdxiry. 

(hakuH. -“-The Ihiiler (!ontra(d.or shall figure on furnishing stationary 
grates of Huita.ble design and shall base his proposal tliereon. If rc- 
qtiested by the Purcfliascu’, he shall submit an alternate proposal for 
funiisliing, shaking, rocking, or dumping grates of a type which the 
Ihirchaser will spe(*.ify. 

MimUaneom Iron Work, — Arch-bars for rear (‘omuHd.ion shall be 
made a.s sliown on the accximpanying drawings or in accHirda-nce with 
Hotm^. <letail whicdi will imnd/ with the approval of The Hartford Htcam 
Boiler Inspecdion ami Insurance (Company. Tlie (bmpany w^ill nob 
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approve any arch-bar the metal of which is exposed to the action of 
the flames and hot gases. 

The rear connection door must fit closely and the frame must t)e 
provided with means for anchoring into the brickwork. The door 
must not be smaller than sixteen inches by twenty-four inches (16" 
X 24"). 

The Boiler Contractor shall furnish all necessary bearer-bars for 
grates, all backstays, tie-rods, lintels for clean-out doors, bolts, etc., 
and any other iron-work, not specifically mentioned herein, which may 
be needed to complete the installation in the brick setting. Buck- 
stays must be made of pressed steel or its equivalent; cast-iron will 
not be accepted. 

Tests. — The Boiler Contractor shall at all times afford all facilities 
to The Hartford Steam Boiler Inspection and Insurance (Company, 
and its authorized representatives, for the test and inspoclion of all 
materials and workmanship entering into the work covered by this 
specification. 

Hydrostatic tests shall be made in the presence of the auiiiorized 
inspector of The Hartford Steam Boiler Inspection and lnsura,n(‘.e 
Company and in a manner which will meet with the approval of the 
said inspector. The pressure for such tests shall not c‘.x(uhkI oiu^ aaul 
one-half ( 1 ' 2 ) times the maximum working pr(',ssure as hertuubeddre 
stated. 

Local or State Laws. — All details of construction a.nd insi.allation 
shall be made in strict accordance with any hx^al or Stat.e ordimuuHvs 
which may apply and nothing in this specification shaJI inl.(U’pret(xl 
as an infringornent of such rules or ordina-nc.es. If a.ny dis(‘. repan (‘.y 
should arise, the CJoni.ractor shall immediately rc'port it. t.o Ifa.rt.rord 
Steam Boiler Inspection and Insurance Compaaiy for scdthaiuait.. 

430* Specifleations for Steam, Exhaust, Water, aM GoudeiiiHer Piping 
for au Electric Power Station.* — The work ridVrnxl t.o in this (xmt.ract 
shall be conducted iimlox the general supc^rvision of — . 

(referred to as the Engineers), who shall interpret tlu^. SpcMfdicaf.ious 
and the Drawings that may accompany the Hpeeifi(‘.ations, a.nd sludl 
arbitrate any controversies between (he parties lux’id.o, that, may n.risc^ 
under this contract, their decision to be final and bimliug upon both 
of the contra<d.ing parties. 

The Contra(5t.or shall comply with all laws, stai.ut.(‘s, ordiiuuux's, 
acts, and regulations of the town or (ut.y, tlu^ state and th(^ govermnmit 
in which th(^ work is to ho, performcul, and shall pay all for pmmut.s 
and inspecitions recpiired ihenfiiy. 

The (Contractor shall, at an early dat(^ eommuni(‘alc^ with othen* 
cont.ra^ctors employed liy ilu^ Ihirchama^ and shall work in hiirmony 
with tliem, any differences of opinion hetwenm (xmt.ract.ors Ixnng luhi- 
trahxl by the Engincx^rs or thch* 

The (hn tractor shall bc^gin work as soon as possible, and (xmipk^tc^ 
sanx^ frcH^ of all limis and charge^a, on or IxTort^ th<‘ time^ menthmecl 
h(T(‘in. If, in tlx^ ofiinion of th<*. Enghi<x‘rs, tlu^ (kmtra(d.or fails to 
proseeute. tlu‘. work with tlie luwessary mourn ami diligcuuH^ to insurer 

* Troia tlx^ (U(*H ef a promiixxit. (Ctnaago linn* 
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its completion within the time limit, then the Engineers shall notify 
the Contractor by written notice to that effect, and the Purchaser 
may order the Contractor to employ more men, machinery, and tools 
to be put upon the work, specif 3 dng the additional force required, and 
if the Contractor fails to comply with such written demand within 
six (6) days from the date thereof, or within such time as the Engineers 
in writing prescribe, then the Purchaser may employ necessary means 
to complete the work within the time required, and such additional 
cost caused by either the employment of additional men, machinery, 
or otherwise, shall be deducted from any funds due, or that may be- 
come due the Contractor on account of this contract. The Con- 
tra^ctor shall remove any particular workman or workmen from the 
work, if in the judgment of the Engineers it will be for the best interest 
of the work. 

The Engineers shall have the right to make any changes in the 
Drawings or Specifications that they deem desirable. Should any 
additional labor or material be involved in such changes, the Con- 
tractor shall be paid for supplying same; on the other hand, should 
such changes reduce the amount of labor or material from that origi- 
nally specified, the Contractor shall sustain an equivalent reduction 
in the contract amount and the Engineers shall be the arbiters in 
deiicrmining rates of incireasc or reduction. No claim shall be allowed 
for (^xtra labor or material above the contract amount, unless same 
shall have been ordered in writing, with remuneration stipulated, by 
the Engineers. Acceptance by the Contractor of final payment on 
the contract price shall constitute a waiver of all claims against the 
Ihin^haser. 

All material and workmanship furnished un<lcr this contract must 
be of the l)est quality in every particular and the Contractor must 
remcHly any defeuits whic^h develop during the first year of actual 
H('.rvi(‘.c, due to faulty material or workmanship, free of expense to the 
Pur(;hascr. The Pur(‘Jiaser, the Engineers, or their representative may 
inspect atiy machinery, itiaterial or work to bo furnished under this 
(contend/ and may reject any which is defective or unsuitable for the 
uses and purposes intended, or not in accordatico with the intent of 
this (K)ntract, and may ordca* the C'ontractor to remedy or replace 
same; or the Purc-hascr may, if ne(‘nssary, remedy or roplacjc same at 
th(^ expense of tlie Contractor, 

Until aexjcptcul in its entirety l)y the Purchaser, all work shall be 
done at/ the (lontratitor's risk, and if any loss or damage should occur 
to ilie work from fire or any other cause, the (Contractor shall promptly 
r(^pair or replace sindi loss or <lamagc free of all expenses to the Pur- 
chaser. ll’ie Contractor shall be rc^sponsible for any loss or damage 
to tnalierial, tools or othc^r articles nml or held for use in or about the 
work. 

Idle work shall be carricnl on to completion without dainagc io any 
work or property of the PurchaKSen* or of others, and without inter- 
fering wit/h \hi) operatioT) of their machinery or apparatus. 

Th(^ (k)nt/ractor shall furnish all falser work, tools and appliances 
that/ may be requinxl to accomi)liHh the work and shall removes all 
d^hriB after erection. 
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The Contractor must be responsible for the safety of ilie work until 

jS.nished and accepted by the Purchaser and must maintain all lighis^ 
guards, and temporary passages necessary for that purpose.^ In case 
cf any accident causing injury to person or property, the Contractor 
shall obtain acquittance from or pay the injured person (whtdiier such 
person be an employee, a fellow-contractor, an employee ^ halow- 
contractor, or otherwise) the amount of damages to which he or sh(^ 
may be legally entitled on account of any act or omission ol th(' C on- 
tractor or of any agent or employee of the C ontractor, during the 
performance of the work referred to herein, and shall provider a<kK|uati(^ 
insurance to protect the Purchaser Iroin all (‘laims^ aiising ihei ehoin. 
The Contractor shall, further, insure the compensation ])r()vi(le(l lor in 
any woiionan^s compensation act whk-h may alfect tiie woik, tio all 
its employees or their benefieijuies, and fhe ( 'Onira(*t'()i sluill (“uiy 
insurance in a company satis! ai'triry to the Purc-luisc';! insiniug said 
compensation to it.s employees or tiu'ir l)encfi(aari(^s. Tlu' Cont,ra,(‘.tor 
shall notify his insurance company and causes tiic'. lumu^ ol th(‘ Pur- 
chaser to be incorporated in the coinpensa-t.ion polii^v, t.lu^ pohry or a, 
copy thereof to bo dopositcul witii the Pureiiasca* upon n'Cjuest. Tlu^ 
Contractor must save the Pun^Jiaser harmless from all (‘iaiuns for 
damages sot up by reason of any su(*/h injury ajul bom ail I'xpcaist's 
resulting therefrom. 

No certificates given or payments ma<le shail be consKk'rcul a,s (‘on- 
clusive evidence of the ])erfonnan<‘.e of this conira.(‘t., (itiaa* wholly or 
in part, nor shall any (^er(ificat.e ol f)ayin(Mi(* 1 k‘ constimNl as a.(‘('(‘pta.n(‘<^ 
of defective work or inpiropca* mabaiais. 1 h<' ( ont.ra.ctor agreiss U> 
furnish the Piir('has(a‘ or tiu^ I^lngituKa’s, il napu'st-CMl, aii any tinu’! 
during the progress of iht^ work, a. stainnuait showing the ( \)nt.ra,ct.<)^^^ 
total outstanding itulobtnduoss for nuitcriai an<l hibor in (H)mu‘<dion 
with the work covered by this (‘ontract^, su(‘ii statnnuait, to \)v inaiilkHl 
to by a notary public. Before finai payment is made' tiu' (\)n(.ractnr 
shalf saiMy the Ikirelaiser by aflhhivits or oth(a’wis(N thai. tlaar a, in 
no outstanding liens for laJior or matniiais against- t h(‘ Purc.luisc'r’s 
premis('s by reason of any work <lon<'^ or ma.lc;rials iurnished mnha* 

thi^ cont-ract. , , ,, 

If, during the progress of tlm work, t-he (k)ntrantor slunihl ailow any 
indebto<lnc8S to n(*-(‘-rue for labor or material to sub-eont-rantors or 
ot.hcrs, and should fail to pay a-u<l (Iis(inirg(‘ sanu^ within i\vo (a) days 
aft-er demand made by any person furnishing such labor or material, 
then the Purchaser may withhokl any money du<^ (he Contractor until 
sucii in<h‘i)t(^(lness is paid, or apply same toward tin* discharge^ th(m*oL 

All royahioH for patents, or chargers for the us(‘ or infringemumt* 
ifi(^r(‘of, lhat may be involved in the construction or usc^ of any ma- 
chimay or ap|)lia.iic(^ rebnreel to herein, slinll Ik^ imindiHl in tlu^ {‘ontract 
pricey and th(^ (lontrantor must satisfy all elemnnds of this nature^ that 
may be made against, tbe^ Ikirchaser at any thru*. 

This cmilTtwi slia.ll not Ire assigrunl nor shnil a.ny part of the work 
b(^ sulidet by the (hmt, nicior without the written consent of the Mngi- 
n(‘(*rs benig first, oblained, but sucli airprovat shall not ntiewt* the* Ceai- 
t.ractor from full n*sponsibility for the work included in this (tonl-ract 
and for the due pmformmuM* of all th(* tc'cms and conditions of this 
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contract; and in no case shall such approval be granted until such 
Contractor has furnished the Purchaser with satisfactory evidence 
that the Sub-contractor is carrying ample workmen’s compensation 
insurance to the same extent and in the same manner as is herein 
provided to be furnished by the Contractor. 


General Data. 

The work herein referred to comprises the furnishing of all material 
and labor for the complete installation of Piping Systems for two (2) 
— kw. units to be installed in the Power Station being erected by 

Each of the two (2) units is comprised of the following machinery: 

(List of machinery omitted.) 

All of the above machineiy will be installed on the foundations by 
th(hr respeciive contracinrs, and this Contractor shall make all piping 
(‘.onnection to same unless otherwise mentioned. 

Drawings. (These have been omitted.) 

This contractor shall take such measurement at the building and 
allow for such make-up pieces as shall l)e necessary to make his work 
coined true, as the Purchasee and its Engineers cannot be responsible 
for the exact accuracy of the dimensions given on DT*awings. 

The Drawings aiul Specifications must be taken together and any 
work caked for in Ike one or indi(*.a(ed in the other, or such work as 
can be reasonably taken as l)clonging to the Piihng (Connections and 
necessary to complete the system, is to be included. 


LrvR Steam Piping. 

Conneef/iom from^ Boilers. — Each of the chght (8) l)oilers will bo pro- 
vidcMl with t»wo (2) 8-inch stcuun outkds to which this Contractor shall 
c-omuHh', a,n 8-in(‘h angles automatic. st.op and check valve with 7-inch 
out.k^t.. Ih’om tiiese vaJv(^s Gontract.or shall provide 74nch l)()iler 
](\*uls connecting t.o tiie steam mains with gate valve at the mains, 
all arra,ng(Ml as indicated on Drawings, Nos. — -and— . 

Connections to Turbines. -- (Umiiwior shall provide a cast-stool 
numifokl at rc^ar of enoh of the two boilers on each unit on both sides 
of boikn' room a.nd c^oniKH^t to these manifolds the two- 7-in(!h leads 
from tiie four boil(n*s on cuich unit.. From manifold at rear of boilers 
on north side of boiha* room on each unit a 14-in(‘,h connection shall 
1)(^ run ac.rosH tlu^ basenumt of firirig room and connected t-ogotlier 
wit/h l4-in(ti had from manifold at rear of boilers on south side of 
boikn’ roofu of ('4ich unit into an 174ncli pipe, which shall bo connected 
to tta^ t.urbines. A 14-inch hydraulically operated valve shall be 
providcMl on each H-iiuti line wIuto they connect together inte tlio 
17-inch turbiTu^ had; a ga,t.(^ valves shall be provided on turbine lead. 

< k)nne(t'/ionH shall be proviiknl (tomplete with cast-steel manifolds, 
valves, drip fxahets, pipe', lengths atul bends, all of si^^es and arranged 
as indicated on Drawings, Nos. —and— . 
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Steam Loops. — Contractor shall provide the 12-inch steam loops be- 
tween the steam leads to turbines complete with pipe bends and a 
hydraulically operated gate valve on each end of loop. Hydraulically 
operated gate valves shall also be provided for connecting the future 
loop, all as indicated on Drawings, Nos. — and — . 

Steam to Auxiliaries. — This Contractor shall install a 4-inch auxil- 
iary steam header along division wall between turbine and boiler rooms, 
with connections to manifolds at rear of boilers on south side of boiler 
room with gate valve at each manifold, all arranged as indicated on 
Drawings, Nos. — and — . From the auxiliary header connec- 
tions shall be made to one service pump in conckmscr w('Il, lIircH^ 
feed pumps in boiler room, exciter in turbine room, two a,uxiliary oil 
pumps on turbines and to tempering coils on air washers, as shown 
on Drawings. The steam connection to each of the pum[)s must, l)e 
provided with angle or globe thr’ottle valve at pump. A gate valves 
must be provided on each connection near header, as indicatcxl on 
Drawings. Each of the three (3) turbine-driven iooxl pumps will be 
provided with a 3-inch pressure governor by Pump Gontra(*/tor, which 
this Contractor shall install in the steam line. The st,eatti-di‘iven 
service pump will be provided with a 2-inch pressure govcu'nor by 
Pump Contractor, which this Contra(‘I/or sliall inst,all, pi'oviding a 
by-pass with three valves around same, onc^ of whicli is to b(^ ilu^ 
throttle valve, the other two gate va,lv('s. This (k)nt,ra(‘dor shall a, Iso 
provide a 3-iuch steam connection t,o th(^ providing a, glotx^ 

valve at turbine and gate valve at headcu*. 

On the steam connections to the oil i)umpH and a,ir wn,shers this 
Contractor must provider a 1-inch extra heavy pnvssunsnHliuang valv(^, 
with by-pass around same for each unit. Thes(^ shall r(Hlu(‘-e from 
250 pounds to 100 pounds, and a second reducing va.lv(^ shall Ik’s pro- 
vided on connections to air washers reducing from 100 pounds to 10 
pounds. 

Steam from Turbines to — - Tlu^. (‘Jontracior slndl furiiish and 

install the 5-inch steam (x)une(‘.ii<)us front out.h’st on in(.(';rm(Hliat(>! stages 
of each turbine to the auxiFuiry exhaust lim^ (‘muuMding t,o feiHlrwn,tcw 
heaters with automatic; stop and ch(;ck valve;, ngulnding vaJvc; open*- 
ated by thermostat in f(;ed-wa.ter h(;at(;r, set so as t,o heat waten* l,o 
about 120 deg. fahr., prc^ssun^-nulucing valve; and gadc; valve; at h(;a,d(;r, 
as shown on Drawings. The exhaust, froitt stna-nwlrivcm a,uxilia,ri<;H 
will go to the h(;aters, and it is the intcnitiou to ta,k(; mH;(‘SHa,ry addi- 
tional st(;am from second stage of turbitie t;o ht;at the watnr to 
required tc;mp(;rat.ure. 

SUmn CimnecMoms to Sool KjeMors. -(hnkm\^^^^^^^ shall provide a IJ- 
ittch steam headcu’ lengthwise on each side; of boiler room, with eon- 
nectious to cast-steel manifolds in main skuun c^omKattlons witli gate; 
valve at north side of boiler room and t<; auxiliary stnam headc;r with 
valve on soutli side of boiler room. Frotn tlu^se li-inc*h hc;adc;rH a 
l-incdi cotmectioii witJi globe valve having c^xtcuided stnm Hhall be 
run to the; cqexd.ors in baseanent, for each of the; two divisions of eaedi 
of the; e;iglit <;(;e)uomii5(;rs, all arranged as indicjaUnl on Drawings, Nos* 
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^ Steam Ejectors on Condenser Discharge Pipes, — Contractor shall pro- 
vide a 4-inch ejector on top of each of the two (2) 54-inch condenser 
discharge pipes. These shall be of Schutte & Koerting or other make 
that Engineers may approve. To each of these ejectors Contractor 
shall provide a 1-inch steam connection with valve on both ends of 
line; also run a 4-inch discharge connection to 6-mch bilge pump 
discharge line with gate and check valve on each line. 

Supports for Live Steam Piping, — The main supporting beams upon 
which the manifolds and fittings are supported will be provided by 
contractor for building steel, but this Contractor shall furnish the 
steel brackets framing to the main members above mentioned; also 
all roller and anchor bearings, complete with base castings, rollers, 
straps, spring, etc., all as indicated and detailed on Drawings. He 
shall provide the steel frames for supporting the 14-inch steam load 
across the boiler room basement. He shall also provide the bearings 
for supporting the pipes on those supports. This Contractor shall 
also provide the main anchor bearings for the 17-inch steam loads to 
turbines; also the roller bearings and brackets for the 17-inch steam 
load to Unit No. 2. 

The steel brackets for supporting the auxiliary steam header will 
bo provided by Contractor for Building Steel, but this Contractor 
shall provide the roller and anchor . bearings on these brackets, all as 
indicated on the Drawings. 

Contractor shall also provide such additional hangers, braces and 
supporiiKS for the steam piping as may be necessary to properly support 
the steam piping, and keep same free from vibration. These must in 
all cases be of steel or iron, and made subject to the approval of the 
ICnginecrs. 

Steam Drips and Drains. — The main steam headers shall be drained 
to the 10-inch drip pockets in boiler room basement. This Contractor 
shall provide and inst-all a 1 J-inch steam trap for each unit for drain- 
ing the drip pocket and must connect up same with a b|-iiich pipe. 
The discharge from the trap shall be connected to the feed-water 
heater. Connections at trap shall bo arranged with by-pass with 
three valves, so trap can bo cut out of service. 

lOadi of tlui 7-inch gate valves on steam leads from boilers shall have 
a boss tapped for 4-inch drain above seat, which this LJontractor shall 
(X)nne(di into a IJ-inch line for atioh unit and connect same with stop 
H/iwl (‘licck valve to the fecnl-water heater, also to the clear water 
reseuwoir; l}-inch lines to be cross connected with valves. Contractor 
shall provide a boss tapped for f-itich drain on the 12-inch hydrauli- 
cs, ally operatcnl gate valves on stc^am loop, also on the two 14-inch 
valves on h^ad from manifolds at rear of boilers for each unit, and 
cjomuHit same with a l|-inch pipe to their respective steam traps, 
provicFmg by-pass with valves as indi(‘,atod dingrammatically on draw- 
ings. The 124n(‘L gate valve for future steam loop shall also have 
1>0HH tapped for f-inch drairi and connected to the IJ-inch drain line. 
A globe valve shall b(^ provided on c^aoh drain connection. Contractor 
shall also tap th(^ blind* flange on t(^.e in steam connection to condenser 
well and provide a |-inch drain coimoction with trap and discharge 
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GomiectioB to the feed-water heater. A by-pass coiiiiectioii with 
three valves shall be provided at trap. A v]-ii]cii drain shall also be 
provided from lowest point of steam connection in condenser well to 
drain sump. 

Contractor shall run a |-inch drain with valve from the steam 
casing of the three auxiliary turbines driving the boiku-feed pumps 
and the turbine driving the exciter and connect them into a 1-iiich 
line and run to the hot water reservoir. Drain from casing of servi(;e 
pump turbine to be run to drain sump in condenser well with a valve 
at turbine. 

Contractor shall also provide such other drip and drain comuMkions 
as may be necessary to properly drain tlio entire syst,(un of sl.ea.m 
connections^ these to be coimcctcd as may be directed by the Engineers, 

Blow-off Connections. 

Boiler Blow-off Connections. — Ea(^h of the eight l)<)il(a-s will b(^ pro- 
vided with six (G) 22 -mch blow-off fittings on mud drums, whi(‘h tins 
Contractor shall connect up to a special fitting on oaoh sid<‘ of 
boiler and from which 2i-inch connections shaJl b(^ mad(' to tlu^ blow- 
off header under each row of boilers. ITight. ((S) 2i-itu‘b !>l<)w-orf 
valves shall l)e provide<l on the blow-off (^oiuKKkion from (\‘uGi of l,he. 
eight boilerSj all arrange<l as iudi(*.at(Hl on Di'awiugs. 

Contractor shall also providi'; th(‘- 4-in(‘-h blow-off lu^a<ka‘ undca* (^Jic.h 
row of boilers and run 4-inc.h c<)nn(‘x*bions from sa.nu^ (,<> ib('. stiCH'l blow- 
off tank in boiler-room baseuuait. Tliis ta.nk will Ix' furnislKMl a,nd 
installed by (bniraxitor for ste(‘l ta,nks, hut (his (k)n(nuh,or shaJI pro- 
vide the overflow and drain conuecitons (.o <lis(‘.ha,rg(‘ W(^ll a.iHl vent, 
connections to at.mosplKU'c^, aJl of siz(‘s and arraaigcxl as iiulieab(Hl on 
the Drawings. 

Buperheaier Blow-off (UmnecUom.' ■ ''riiis (k)ntra(*4or shall furnish 
and install tlu^ sup<a*h('at(a‘ ))low-o(T e,onnectious from (\‘u*h of the. (fight 
l)<)ilers to the lilow-off lunuler in liascmumt., a.s in(li(^a.t(Ml on DruAvings, 
Each boiler will be f)r()vid<Ml with two (2} 2-inch (hiows a,nd two (2) 
2-inch valvc^s, oiu'^ on (^a.(‘h (aul of oimh drum a.nd two (hK)ws a.ud (avo 
valves on superh(att(a*, which this (hntrac.tor must councah. to (.la's 
hea(l(TS. Six ((>) 2-in(h valv(^s must, be providcHi for ta)im{H‘.tions 
on (mxh boiler, aJl a,rraaig(Hl as indieahxl on Drawings. 

Blow-off from Beonomizers. Ea.(^h of tlu' (fight. (H) cxxjnomi^^ia’s will 
be providcxl with (aglit (8) 2a4uc.h blow-o(T outhts, provickal with 
a.ng]e valv(^s. This (kmtractor shall (Hunuxit th(\s(‘ togc^Mu^r to a. 'Idncdi 
lu^axku*;, providing a. 2i-in(h valve, on eimh of the two divisions on (‘aeli 
of tlie eight, (xxniomizers. Headers shall lie run along just lahiw 
(Hxmomwer floor, and f-inc^li (‘.omuHctum shall Ih* run io ’lmt waJ-m* 
!us(Uwoir and ^l-imh to dimharge^ line from blow-ofT tank. A globe; 
va,lv(‘. wit.h (‘xiend(‘d shun shall be provkDd on {xuh of ihom eoimc‘(*tionH. 
A chcMdi^vaJve slia.ll also \>n providcxl wIkuh^ (ammahhm is mmlo ( 4 ^ dis- 
(‘ha.rge from blow-ofT tank. On th(^ (xxmornktT Hid(‘ (?f th(*K(^ glchc^ 
vaivcns t(H^ sludl Ik* (appeal for J-incdi pi[H^ and (*onn(H*.tion run to pth. 
('oekjihovc* lKfil(*r-room floor, which shall drain into a fumu^ cotmiahed 
to disci ia,rg(* wc^ib 
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Exhaust Connections. 

Exhaust Connections from Turbines. — This Contractor shall furnish 
and install the 42-inch free air exhaust connections from each of the 
two (2) turbines, as indicated on Drawing No. — , made up of 
cast-iron pipe and fittings and riveted steel pipe with forged steel 
riveted flanges, as made by the American Spiral Pipe Works. The 
steel pipe shall be close riveted and thoroughly calked so as to be air 
and water tight. Copper expansion joint shall be provided between 
main turbine exhaust and relief valve on each unit. The vertical 
risers shall be of |-inch plate and shall terminate above roof, with 
hoods over same, as per detail on Drawings. Horizontal pipe between 
relief valve and base elbow shall be of y^-inch steel plate. There is 
to be no longitudinal seam on bottom of this pipe. The exhaust relief 
valves in these lines shall be as hereinafter specified under ^'Material 
and Workmanship.^’ 

Exhaust Connections from Auxiliaries. — This Contractor shall connect 
up the exhaust outlet on the three (3) turbine-driven feed pumps, 
auxiliary oil pumps, service pump and exciter together, and make 
conneeddon to each of the two fce<l-water heaters, with gate valve at 
ea(di pump, eacli heater and se(*,tionalizing valve l)etween heaters, all 
of sizes arid arranged as indicated on Drawings. A 10-inch riser to 
atmosphere^ with combination back pressui*e and relief valve near 

heater and exhaust head above roof shall be provided on 

(ioimeci/ions to ea(di of the two lu^aters. Exhaust heads shall be of 
No. K) galvanized iron and of most improved iype. Each heater will 
also be provided with a 4-inch relief outlet,, whi(di this (bntractor shall 
c.omuHd. up witli a back i)ressure valve to the 10-iTich relief pipe to 
atmosphere on each unit, all tirranged as indicated on Drawings. 

Heating Syste/ni for f^witch House, Operating Room and Offices . — 
( d)ntractor shall furnish and install for hetiting switch house, operating 
room, and offices, a compkde two-pipe heating system, with overhead 
supply systc’iin and <lrain in l)asement. The switch house heating 
systicm shall have a total direct radiation of approximately 1912 square 
f(Hd., divided into 17 radiators. The operating room, offi(‘,es, bedrooms, 
si, air luill, et(‘.., at end of turbine room shall have a t/otal radiation of 
a,f)proximately 3188 scpiarc^ fecst, <Iivided into 55 radiators, all of sizes 
a,n(l arrangcid as may b(^ <]ire(d,ed by the Engineers. A layout drawing 
showing size of ra<liat()rs a,nd sizes of branch connections will be pro- 
vided later. All radiators to be — — ■ — 

two-column radial, ors, or other mala^ that t,he Engineers may approve. 
All ra, dial, ors t,o have t,op Ht,eam cormexttions. 

Htc^am for t.his system shall bo t-aken from t,he auxiliary exhaust, 
li(Mul(n‘ in boilc^r roorti, with a G-inch (jonnection running up the stair 
hall to the l)us (diamber under switch house, with gate valve and 3-inch 
safedy valv(^ sed’, at 5 ])ounds pressure in boiler room. A low-prc'-ssure 
hcMidw shall bc^ run across the bus chamber and up to the overhead 
lu^atler iti switch house, wlueh shall be run along tlio soutli wall and 
comuuded to the ra.diators in switch house. An ovcadiead line shall 
also be- run around tlirfM', sidc^s of iln^ ofliec^ spa(‘.e over switchboard 
room with tlrop connootions to the radiators on the different floors. 
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Drains from the radiators shall all be brought together and connected 
to a direct-connected, geared, motor-driven vacuum pump as made by 
the American Steam Pump Co. and of ample capacity for the scrvi(;e 
and to maintain a vacuum of 5 inches at the outlet of radiators. Motor 
to be similar to those hereafter specified and must be complete witli 
starting equipment switches, fuses, etc. All wiring between motor 
and equipment to be provided. 

Discharge from pump shall be connected to the feed-wai.or heatcu* 
by means of a float-controlled vent, as made l)y — Company, 

A -l-inch syphon trap shall be provided on outlet of each riuliator, 

as made by , and a standard radiator valve providcul on inlet of 

each radiator. All piping to be rigidly suspended in approved manner. 

Safety Valve Vent Pipe . — This Contractor shall furnish and insl.all 
the safety valve vent pipes on each of the eight (8) boihu's, a.s shown 

on Drawings, Nos. . The Discharge openings of six (h) 

4^-inch safety valves on drum of each boiler shall be conneckHl i^ogx'.tlun* 
as indicated, and a 12-inch riser run through roof a,nd tiennina,ting 
in a 12-inch tee. He shall also furnish and install tiu'. safely valves 
vent pipes from the discharge openings on each of (he two (2) 44n(‘li 
superheater safety valves on ea.ch of the eight (8) boilers. Ttu'. oul*- 
lets of two valves shall bo combined into a (i-inch pipe a.nd run through 
roof terminating in a G-inch tee. A .i-in<‘h <lraln pi[K^ shail \h) provider I 
on elbows at each safety valve, (U)nnecting into a J-iuch pip(^ from (au4i 
boiler, which shall bo run to ash pit. 

Exhaud Dnps. — This (/ontra(‘.tor shall install a 2i-in(4i drip i)ipe 
from the 42-inch free exhaust from ('.acli tairbiiu^, pr()vi<ling a det^p 
U-trap and discharging into hot waUu* r(ss(a*voir under boihn* hkhu 
basement floor. 

The Turbiiu’i Contimdor will (;onne(*.t uj) ilu^- drains from thc^ carbon 
packing rings into a 3-inch pipe on ea.ch of th(^ two (2) turliiiu'S. Diis 
(k)n tractor shall connect each of tlu^se pip('s to the hot wUibn* r<‘S(a‘voir. 
Gate valves on vertic.ai (aamections from auxiliaries shall b<^ ta.pped 
above seats for J-inch blcHalers, which shall be eoimcH^^al togetluu* into 
a 1-inch line and run to hot wa.t(*r r(‘servoir. Drain from ga,te, vaiv<‘, 
on service pump shall b(^ run to drain stnnp in (H^ndemsta* wtib 

Support for Exhaud Piping. • • Relief valv<^s on turhint^ (‘xluuist Hucnh 
shall be ])rovi<led with bases, whieli will be supported from floor imdc^r 
vaiv(^s, and the verii(^ai ristu’s will l)(‘ earried on tlie ba.H<^ (ibows^ l)ut 
this (k)ntra(‘.tor sliall provhle and set aiigh^ iron braetss for vculie^al 
risca-s, as p<‘r derail 

This (k)iitra.(;tor shall provide all nnoomiry jun^hors, lumgcu’s, and 
braxHvs for profKwly supporting the auxiliary (‘xliaust liiu^s, m may 1 k^ 
ixxpiinxl l)y die Engineers. 


Watkh Pirmci. 

(^ifculaUng Water Ihirelutma* will firovidc* ami install 

th(‘ smihrn eonneetion from intake erili to tht^ siietioii iiil<‘t on laeh f4 
tlie two eireulating pumps. 

^(hmlenstu* (hntnuhor will provide the iliseharge eonneetion from 
eircnilating pump to (jyndeuHer on each unit. 
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Purchaser will furnish and install the condenser discharge piping 
outside of consender well, including gate valves, elbows, and vertical 
pipe length in discharge well, but this Contractor shall provide the 
special fitting, pipe lengths, and expansion joints on condenser dis- 
charge connections inside of condenser well. One of the pipe lengths 
on discharge connection from Unit No. 1 in the condenser well will 
be provided on ground by Purchaser, but this Contractor shall install 
same, providing gaskets and bolts for making up joints, all arranged 

and of sizes as indicated on Drawing . Contractor shall also 

provide the 6-inch tail pipes from 54-inch gate valves in discharge well. 

Hot-well Pump Connections. — Contractor shall connect up the two 
hot-well pump discharge outlets on each unit to the inlet on primary 
heater in upper section of condenser, providing check and gate valve 
at each pump. From outlet of primary heater, connection shall be 
run to inlet on top of heater of each unit. The primary heater is also 
to be by-passed with necessary valves, all of sizes and arranged as 

indicated on drawings, Nos. . Connections to heaters shall 

be cross connected with valves as indicated on Drawings. 

Feed Pump Suction Connections. — Contractor shall furnish and in- 
stall the suction connections to the two (2) feed pumps on each unit 
with connections from heater, filtered water header and unfiltered 
water system with valve on each connection, all of sizes and arranged 

as indicuiiiod on Drawings, Nos. . Suction connections from 

heaters shall be cross connected with valve as indicated. 

Boiler-Feed Piping. — This Gontraciror shall furnish and install dis- 
charge connections from the feed pumps to the feed headers and from 
f(Hxl headers io economizers and boilers, all arranged as shown on 
Drawings. There are to be two separate feed-water systems for each 
unit with independent connections from pumps to boilers, as shown. 
The auxiliary fcxHl headen* is to be run in the boiler room at rear end 
bei/WecTi boilers and in basement aciross firing room to boiler on north 
side of room, with (‘,otine(Hions from same to boilers. The main feeder 
h(‘4ul(n* shall be suspended from the economizer floor framing over 
boil(M's with (‘.onnecitions to (ui(‘h of the eight (8) economizers and from 
economiz(u*s to the boikus. (knnnxdions between the economizer 
divisions will be provided by Economizer Coni-ractor. 

h]a(‘F boikn' will have two (2) fec^l inlet connections and Boiler Con- 
ia’a(‘dor will provide a 4-in<‘h aiitomatic stop and (‘heck valve on each 
of tlu'ise outlets, to which this Gontractor shall connecjt. 

Ea(‘.h (‘,co!iomiz(n‘ will be provided with a 4-inch inlet at bottom and 
a 4-iuch ontk^t at i4)p, which this Gontractor shall connect up. 

From tlu^. 7-itich auxiliary kod luuulers, this (JoTitractor shall run a 
4-in(‘h conne(‘t»ion up front of boilers, with a 4-inch comie(‘4ion to 
thc‘. inkd at otidi (aid of drum, providing a gate valve at h(‘.ader (jon- 
lUHdion and a globe and (‘lu'.ch valve in horizontal run at front of boiU^.r. 

From 7-in(‘Ii main fcc'xl head(ws, Gontractior shall mak(5 a 4-inch 
connexd/ion to (^ach e(;oru)miz(U‘ with two gate valv(\s on each connection. 
He sliall also make a 4-inch (5oiuuH?tion from outkd^ of mdi ecx)nomizer 
to thc^ fe(xl line coniux^ting (n e.ach of the boilers, providing a gate and 
(daxh valve at. (xsonomizeu* outlet and ar) angki globe valve with ex- 
tended stem all arranged as indicated on Drawings. 
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Contractor shall provide two air chambers on each of the two main 
feed headers, and one air chamber on each of the two auxiliary headers, 
with gate valve on headers and with compressed air connections with 
extra-heavy stop and check valves. 

Contractor shall provide a 6-inch cross coimoction between the i wo 
(2) 7-inch main feed lines and auxiliary feed lines, with gate valve on 
each connection, as indicated. Connections at pumps shall Ixi ar- 
ranged with special two-way check valves and gate valve, all of sizes 
and arranged as indicated on Drawings. 

Water Connections to Hydraulically Operated Valves. —Thh Con- 
tractor shall provide and cioiinect up a four-way cock for the Ixydrauli- 
cally operated valve on the steam lead to t^urhiiie; th(‘ two Id-iiudi 
valves on steam lead from boilers; t.ho r2-inch valv('- on st.c^am loop 
on each unit and the 12-inch valve for future sUxim loop. The four 
4-way cocks on each unit are t-o be located in a box setf in the division 
wall between boiler jind tairbine rooms, a.ll a.s indical/(xl on Drawings. 
Boxes shall also be provided by this C'Ont,nu‘tor. Waher supply for 
the four-way cocks is to be (,akcn from both th(', tecxl heaxlei’s, wi(,h 
gate and chock valves arranged as indicated on Drawing. Drain 
connections with troughs a.nd drain pipes coim(H‘-tcKl t,o hot. water w(4l 
are to be provide<l as indicated. 

The following items iintudcMl in the complet-c^ speciri(‘.at.ions inive 
been omitted: 

High-pressure Boiler Washing riystom. 

Service Water Ihpiug. 

Make-up Water (Connections. 

Water Drains. 

MiscellaiKMxus Drains and Vemts. 

Oil ConiKVit.iou to l\irl)ines. 

Pipe and Fitt.ings for Oiling Syst.(‘.ins. 

( lomprcss(Hl-a.ii' Sysi.em. 

Air Washer Circulatirig Pump Suction. 

Floor and Wail ddumbles. 

Hose. 

Thennoineters a.nd (huigns. 

MATUltlAU AKI) WoRKMANStilP. 

Giwral fndructiom. 'All material and worknuuiship supplicxl umler 
ttn^sc^ HpeinficntioiiiS shall be tia' b(‘stof t.lunr resp<x*tiv(^ kimls. 

All material slxall Ih^ such as specifkHl lauein and Free from defeets 
or flaws of a.ny kin<l, an<l Hubj(xd to suett U^sts and nxiiiinaucailH as 
may be lun'(un (kweribed or as nuty he lUHteanary t.o prove' th(' (4T(Ttivc'- 
lU'ss of the mah'Hal or workituuiship. All lalHjr is t-o Ik* iKntarnusl by 
nuai skilled tu ttieir parti<*ular line' of W(uk, and to the full satisfaction 
c)f the' Supc'rvising Engint'ers or tlieir reprc'-smitatives* The Sfaxa- 
ficatiotis (auikanphib' ttie v<ny Inwt qiudity of rnah'rial and tlie most 
mechauicai (dumuhc'r of workmanstiip. 

Ail of th(' work shatl er<‘e(e<b rca<ly for practiital use, to t.lu' satis- 
faction of the EngituMU’s, ami all gasked-s, ami neccHHary adjimem 
shall be furnislicHl iy tfiis (k)ntrack>r. 
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This Contractor shall satisfy himself as to the accuracy of the 
Drawings, and must take such measurements and allow for such 
make-up lengths or pieces as may be necessary to make his work come 
accurately together. The piping must be erected so as to preserve 
accurate alignment and no iron gaskets or fillers will be allowed be- 
tween flanges. 

Where the work of this Contractor connects to that of another, the 
connections shall be made by this Contractor, and he must see that 
all flanges for connection to the other work are properly drilled to fit 
the latter, irrespective of drilling dimensions on the Drawings or herein 
given. 

The work contemplated herein shall be carried on so as to harmonize 
and not interfere with the work of other contractors or with the opera- 
tion of the Station or any of the machinery that may be contained 
therein. Whore connections arc made to the old work, they shall be 
done at such time as shall meet the approval of the Chief Engineer 
of the Station. The work shall l)e installed as expeditiously as pos- 
sible and subject to the general direction of the authorized Engineers. 

The following items pertaining to material and construction details 
are included in tlie complete specifications but have been omitted 
from this c-opy. 


Steel J^ipe. 

Welded P'langcs. 

Threaded Flanges and Unions. 
Fi Uing's. 

Valves. 

Hydra-xilically ()p(U‘at('d Valv(‘s. 
Reli(^f Valves. 

Special Valves ajul Appliances. 


Ihnps. 

Flanged Joints, 
(kisiriron Pi])e. 
Supports and Hangers* 
Ti'sHng. 

Pipe Covering. 
Painting. 


4:i7. Oovenimcnt Specifleation and Proposal for Supplying Coal. 

U. S. l^UWASmtV DrjrAHTMKNT. 

UniLvd Hlateii 

, 190 .. 


PUOPOSAL. 

1 S(‘al(Hl proposals will b(^ rccrived at this office until 2 o'clock p. m., 

2 , 190. . , for supplying coal to the United Stahls 

.2 building at 

4 as follows: 

5 

0 

7 

H Tlu^ ((uantity of coal statxal abovc^ is based upon the previous annual 
!) (ionsuniption, and proposals must be made upon the basis of a delivery of 

10 10 p(‘r cuaii more or hm than this amount, subject to the actual require- 

1 1 nnuits of the sc^rvice. 

12 Propcmals must be made on tliis form, ancl itudiuk^ all expenses inckkait 
12 to defiveay and Hi()wag(^ of the coal, which must bc^ delivewHl in such 

14 (iuautiti(‘S, anil at sucdi tiincvs within fiscal year ending June 30, 190 , 

15 as may be napiired. 
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16 Proposals must be accompanied by a deposit (certified check, when 

17 practicable, in favor of ..) 

18 amounting to 10 per cent of the aggregate amount of the bid submitted, as 

19 a guaranty that it is bona Me. Deposits will be returned to unsuccessful 

20 bidders immediately after award has been made, but the deposit of the 

21 successful bidder will be retained until after the coal shall have been de- 

22 livered, and final settlement made therefor, as security for the faithful 

23 performance of the terms of the contract, with the undi'rst-aiiding that t.he 

24 whole or a part thereof may be used to liquidate the value of any deficiimcii's 

25 in quality or delivery that may arise under the terms of ihc contract. 

26 When the amount of the contract exceeds $10,000, a bond may ]k) (‘xe- 

27 cuted in the sum of 25 per cent of the contract amount, and in this cas(^, i,he 

28 deposit or certified check submitted with the proposal will b(^ retunu'd aftc'r 

29 approval of the bond. 

30 The bids will be opened in the presence of the l)idders, their r(‘])r(‘S(uitar 

31 tives, or such of them as may attend, at the time and place abovi^- spianfkal. 

32 In determining the award of the contract, considcn-atiion will b(^ givcui to 

33 the quality of the coal offered by the bidder, as wc^ll as tlu^ prices per ton, 

34 and should it appear to be to the best interests of tlu^ (lovm’nnKuit to 

35 award the contract for supplying coal at a price highc^r than that nnmvd in 

36 lower bid or bids received, the award will lie so nuuD.. 

37 The right to reject any or all bids and to waive (lt‘,fe(!i.s is (‘xpressly 

38 reserved by the Government. 

DDSCdUPTIOK OF GOAL 

39 Bids arc desired on coal (l(\s(‘4*il)(‘(l as follows: 

40 

41 

42 

43 

44 

45 

16 

17 

48 

49 ^ 

50 Goals containing inore than the following pereimtagis, Iniwal upon <lry 


51 coal, will not hc^ consider<‘d: 

52 Ash ,per cent. 

53 Volatile matter ... .p(‘r cent* 

54 Sulphur . . . .per cent. 

55 t and fine coal as delivenal at point of conmimptinn. . . , . .pm* cent. 


DFLIVDUY. 

56 The coal shall IxMlelivenal in such (pianlhies and at such Umc‘H as the 

57 Govia’ument may <lireci. 

58 In this (ionneeiion, ii. may he statial that all tiie available storage capacity 

59 of thc^ coal Imnki^rs will be placed at ibc‘ dispoHid of the cajul, racier to 

60 fac.ilii.at.i^ dcfiivery of coal under favorable (unalitions. 

61 After vc^rbal or writUai notice has l)een given to chfiiver coal inatt‘r tins 
C>2 contrn-c.t, a. furtlua’ notice may be Hiwecl in writing upon tJie <amiractor to 

* Notu.-" -lluH information will la* given by the Governimmt as may Ih‘ diAcr- 
rnined hy Ixalc'r and furnace? e<|uipment <iperating e^nntitiona, and the local market* 
t Notu. '—All coal whi(!h will pm#i through a |4nch round-liole acreem 
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63 make delivery of the coal so ordered within twenty-four hours after receipt 

64 of said second notice. 

65 Should the contractor, for any reason, fail to comply with the second 

66 request the Government will be at hberty to buy coal in the open market, 

67 and to charge against the contractor any excess in price of coal so purchased 

68 over the contract price. 


SAMPLING. 

69 Samples of the coal delivered will be taken by a representative of the 

70 Government. 

71 In all cases where it is practicable, the coal will be sampled at the time 

72 it is being delivered to the building. In case of small deliveries, it may be 

73 necessary to take these samples from the yards or bins. The sample 

74 taken will in no case be less than the total of one hundred (100) pounds, to 

75 be selected proportionally from the lumps and fine coal, in order that it 

76 will in every respect truly represent the quality of coal under considera- 

77 tion. 

78 In oz'dcr to minimize the loss in the original moisture content the gross 

79 sample will be pulverized as rapidly as possible until none of the fragments 

80 exceed J inch in diameter. The line coal will then be mixed thoroughly 

81 and divided into four equal parts. Opposite quarters will be thrown out, 

82 and the remaining portions thoroughly mixed and again quartered, throw- 

83 ing out opposite (quarters as before. This process will be continued as 

84 rapidly as possible until the final sample is reduced to such amount that 

85 all of thc^ final sample thus ol)tained will be contained in the shipping can or 

86 jar and sealed air-tight. 

87 The sample will then bo forwarded to the Chief Clerk of the Treasury 

88 Dcfiartment, care of the storekeeper. 

80 If desired by the coal contractor, permission will be given to him, or his 

90 representative, to bo present and witness the quartering and preparation of 

91 the final sample to be forwardcxl to the Government laboratories. 

92 Immediately on recenpt of the sample, it will be analyzed and tested by 

93 the Government, following the method adopted by the American Chemical 

94 iSoci(4y, and using a bomb calorimeter. A copy of the result will be mailed 

95 to the contractor upon the comidetion thereof. 


CAUSES FOR REJECTION, 

96 A contract entered into tmder the terms of this specification shall not 

97 be binding if, as the result of a practical service test of reasonable duration, 

98 the coal fails tx) give satisfactory results due to excessive clinkering, or to 

99 a i)rohibitiv(i a/mount of smoke. 

190 It is undzu'stood that the (;oal delivered during the year will be of the 

101 sanui charact(‘.r as that specified by tlui contractor. It should, therefore^ 

102 1)C supplied, as nearly as possibles, from the same mine or group of mines. 

103 Coal (XHitaining percentages of volatile matter, sulphur, and dust higher 

104 tlian the limits inclie.atod on lino 54, and coal containing a percentage of 

105 ash iTi exc(*sH of the maximum limits indicated in the following table, will 

106 be subject to rejection. 

107 In the ca.s(^ of coal which has boon dclivorcd and used for trial, or which 

108 has be(m consumed or remains on the premises at the time of the deter- 

109 mination of its (piality, payment will bo made therefor at a reduced price 

110 compui(Hl under tlui imm of this Hp(^(ufication. 

1 1 1 Oc(‘ 4 iHional dcJiveric^s containing ash up to tlio porcumiage indicated in 

1 12 the <?c)lumu of Maximum limits for ash, on page 912, may be accepted* 
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113 Frequent or eontinued failure to maintain the standard established by 

114 the contractor, however, will be considered sufficient cause for cancellation 

115 of the contract. 

116 Payment will be made on the basis of the price named in the proposal 

117 for the coal specified therein, corrected for variations in heating value and 

118 ash, as shown by analysis, above and below the standard established by 

119 contractor in this proposal. For example, if the coal contains two (2) 

120 per cent, more or less, British thermal units than the established standard, 

121 the price will be increased or decreased two (2) per cent accordingly. 

122 The price will also be further corrected for the percentages of ash. For 

123 all coal which by analysis contains less ash than that established in this 

124 proposal a premium of 1 cent per ton for each wliole per cent less ash will 

125 be paid. An increase in the ash content of two (2) per cent over tlu^ 

126 standard established by contractor will be tolerated without exacl/ing a 

127 penalty for the excess of ash. When sucii (excess exceeds two (2) per cent 

128 above the standard established, deductions will be made from price paid 

129 per ton in accordance with following table : 

* PRICE AND PAYMENT. 


Ash as est 
lished it 
proposal 


Per cent 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 


Note. The econoiuic, value of a fu(*l is affe't'.bHl by ilu*- actual arnouiit ()f coin- 
buHtible nu!Ltt.<'r it contains, as (hd.cTrnincMl by il.H luxating value shown in British 
th(Timil units per pound of fu(‘l, atid also by otIu*r factors, among whi(^h is its ash 
<5ontent. TIk^ ash content not only Iowcth th(‘ heating value ami tlui 

capacity of thes funui(‘4^, but also maternally incnranc's the cost of handling the coaly 
tlar labor of bring, and the cost of thcr removal of aahes, ertc. 

pToposak to recem emddomUon mml ho HuhmUtrd upon Ihk form and contain 
all of the Information requedod, 



The underHigncal hcm‘by agree to furmsh to tlm U. H. , * 

building at. .... ..... ........ tlmcoid dcHcribed, in tons 

of 2240 pounds (raeh and in epumtity, 10 ‘per emit inort^ fir toss than that stated 
on pag{» 912^ as may bo re(|uired during tho bwml yciar ending ilutic 30 , 11)0 , 


No 

Cents per ton to bo deducted. 

Maxi- 

deduc- 








mum 

tion for 

2 

4 

7 

12 

18 

25 

85 

llnuis 










below. 

PcTC(‘ritiijt?o.s of ash in dry coal. 

ash. 

7 

7-- 8 

8 - 9 

9-10 

10-n 

11-12 

12-13 

13-14 

12 

8 

8 - 9 

9-10 

10-11 

n-12 

12-13 

13-14 

14-15 

13 

9 

9-10 

10-11 

11-12 

12-13 

13-14 

14-15 

15-16 

14 

10 

10-11 

11-12 

12-13 

13-14 

14-15 

1 15-10 

16-17 

14 

11 

11-12 

12-13 

13-14 

14-16 

15-16 

16 47 

17-18 

16 

12 

12-13 

13-14 

14-15 

15-16 

16-17 

17-18 


16 

13 

13-14 

14-15 

15-16 

16-17 

17-18 



16 

14 

14-15 

15-16 

10-17 

17-18 

18-19 

19--20 


17 

15 

15-16 

16-17 

17-18 

lB-19 

19-20 

20-21 


18 

16 

10-17 

17-18 

18-19 

19-20 

20-21 

21-22 


19 

17 

17-18 

18-19 

19-20 

20 «* 2l 

21-22 



19 

18 

18-19 

19-20 

20 ' 21 

2b»22 

22 -23 



20 

19 

19-20 

20-21 

21-22 

22-23 




21 

20 

20-21 

21-22 

22-23 
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in strict accordance with this specification; the coal to be delivered in such 
quantities and at such times as the Government may direct. 

Price per ton (2240 pounds) $ 

Commercial name of the coal 

Name of the mine or mines 

Location of the mine or mines 

Name or other designation of the coal bed or vein 

Size (indicate information which will apply) — 

Unsized Lump Run of mine 


Screened, through 


inch and over 


inch 


Round 1 
Square 
Bar screen. 


Data to establish a ham for payment: 


British thermal units in coal as delivered 

Ash in dry coal (Method of American Chemical Society) per cent. 


It is important that the above information does not establish a higher standard than 
can bo actually maintained under the terms of the contract; and in this connection it should 
be noted that the small samples taken from the mine arc invariably of higher quality than 
th(^ coal actually delivered therefrom. It is evident, therefore, that it will be to the best 
iutorosts of the contractor to furnish a correct description with average values of the coal 
odered, as a failure to maintain the standard established by contractor will result in de- 
ductioiivS from the contract price, and may cause a cancellation of the contract, while de- 
liveries of a coal of higher grades than quoted will bo paid for at an increased price. 


Signature: . . 
Address : 

Name of (iorporation, 

Name of president, 

Nam(‘, of secr(d;ary, - • . 

Under what law (State) corporation is organized: 
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TYPICAL CENTRAL STATIONS 

438 . The advancements that are being made in the design of large 
central stations and central station machinery are so rapid that it is 
futile to apply the term “modern^' to any installation with the assur- 
ance that the plant thus designated will be representative of current 
practice for even a brief period of time. To-day it is possible to install 
in a given space approximately five times the capacity that could be 
installed a few years ago, with the cost per unit capacity only about 
one fifth and with very little increase in cost per square foot of floor 
space occupied. That the limit has not been reached is evidenced by 
the fact that boiler pressures of 350 lb. per sq. in', are to be employed 
in several plants in course of constructipn and even higher pressures 
have been considered for future designs. A few years ago boiler 
capacities during peak loads of 250 per cent rating were considered 
exceptional; to-day 400 per cent and even 500 per cent rating has been 
obtained with high overall efficiency. Improvement has not been 
limited to boilers and prime movers, but has been extended to all 
parts of the equipment. 

The Essex Station of the Public Service Electric Co. of New Jersey, 
the Niagara River Station of the Buffalo General Electric Co., Buffalo, 
N. Y., the Northwest Station of the Commonwealth Edison Co., 
Chicago, may be considered the latest (1917) achievements in power 
plant design; every detail necessary to promote efficient operation 
and continuity of service has been incorporated. 

Essex Power Station. — The plant is built on the unit system in 
what may be considered four separate structures: Switchhouse, tur- 
bine room, boiler house, coal bunkers and coal bridge. The four 
buildings occupy a total frontage of 401 ft. 

The top of the coal tower is 215 ft. above high water and it has a 
lift of 156 ft. The tower with the bunkers is on the east side of the 
boiler room and is equipped with a 600-hp. hoisting engine of the two- 
drum type, and has a capacity of 240 tons per hr. when using a 2-ton 
clamshell bucket. The hoisting speed is 1300 ft. per min. When the 
bucket is dropping, it is driving the motor as an induction generator 
and pumping back into the line. The hoisting engine is driven by a 
600-hp. induction motor. 
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Ftg. 607. Essex Station. — ■ Front Elevation, Turbine Equipment. 
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Coal, after being hoisted to the tower, goes into a hopper from which 
it passes through a feeder into the crusher and is then distributed l)y 
a belt conveyor to the bunkers. The conveyors are driven by induc- 
tion motors and are automatically cut out by push-buttons placed in 
convenient locations along the conveyor runway. Provisions arc also 
made for unloading coal directly from cars or barges to the storage 
yard and for reclaiming the coal from the storage yard. All the coal- 
handling machinery is driven by induction motors. 

The bunkers have a capacity of 2000 tons and arc built of rein- 
forced concrete supported on the steel structure of the building. Erom 
the outside bunkers the coal is broxight by means of in-tou mot^or- 
driven weighing larrics, one in each firing aisle, and (lisi.ril)iite(l to the 
stoker hoppers. Each hopper will hold seven iotis of coal which is 
weighed automatically as it is distribuiod finin tlui larry. 

The boiler room contains eight 137^1-hp. cross-drum marimviypo 
Babcock & Wilcox water-tube boilers working under a stearin ptx^ssurc^ 
of 225 pounds. They contain 072 tubes 4 inches by bS feet., a,n*a»ug(Ml 
42 tubes wide by 16 tubes high, giving a hcat.ing surfac^e of 13,723 
square feet. The boilers are guaranteed to evaporate '11,200 poutuls 
of water from and at 212 deg. falir. per hour and will give 300 peu* 
cent rating with clean heating surfa(*ns. Tlua'C' arc^ also i.wo rows of 
circulating tubes which connexd the upp<a* ends of tlu^ front. hea<l(a’S 
to the steam drum, as indicated in Fig. (>09. Manh boiler is 
with six 4,5-in(*h (h’osby safety valves arrangcHl in t-hrec^ pa.irs so a,s f.o 
blow into a common hea<ler, which is inpod tlu’ough tlie r{K)f* They 
are also equipped with 2 steaiti-fhnv meters, 2 Hieain gaugers, 2 miivT 
columns, 2 feed-wat.er regulators and 2 f<H'.d-wa(or inlets. 

The firing is done with Hi-retort undmietul Hjuiford Ilil(‘y stokc^rs. 
The drive equipment for each firing aisl(‘ (‘.onsists of four Pi-hp. [(air- 
speed motors, two <lnving tlui mainshaP. through a ja.(d<-Hha.ft a.nd t.wc? 
driving through Re(W(^s conic^al variable-spcHul transmissiouH, giving 
a mainshaft spec<l of 32 to 290 npum This is (Ujuivalmit to a (^oal 
feed of from 1000 to 15,000 lb. per lir. for ea(;h boihu*. ddn*, furnane 
has an actives grate anai of 200 square find.. This giw's a. ratio <if gratn 
area, to heating surface of 1 : (iJif), The tubers 7 hud, 10 incluw above 
tlie grat(». n.t t.he curtain wall and 9 fend at thc^ bac.k wall hJa.eh boiler 
is e(|uipp(^.d for fonuMl, natural or induced draft, or all may ho 
used ai the same time. Eorceil <lraft for each boiler is oliaiiUHl by a 
60,000 cubic feet nuiliivane fan, driven by a 150-hp, motor, which (^an 
maintain a (Huc.h wa.tcr presmm* under the grates. Tlie air supply 
to t.hc^ furniUTS is controlled by a Mason regulator* The air pressure 
uihIct th(^ grates acts mxai a fiexihh^ diaphragm, winch through geii.rs 



TYPICAL CENTRAL STATIONS 


919 


shifts the screws on the Reeves drive, consequently regulating the rate 
at which coal is fed to the furnace. 

Induced draft is obtained by a 100,000-cubic-feet-per~minute multi- 
vane fan located at the economizer outlet and driven by a 100-hp. 
motor. The fan gives a 2-inch suction in the uptake of the boilers. 
After the gases have passed from the boiler, they may go directly to 
the stack, or, by closing dampers 
in the breechings, can be made 
to pass through the economizer 
and then to the stack; by clos- 
ing a second damper, the gases 
will pass through the induced- 
draft fans before going to the 
stack. This makes it possible to 
operate the boilers under the 
most economical conditions at 
all times. 

TTie economizers contain 480 
four-inch tubes 12 feet long, giv- 
ing a heating surface of 7750 
s(iua.re feet, which is 50 per cent 
of the boiler-heating surface. 

They are built- to stand a work- 
ing press\irc of 300 pounds per 
S(|:Uare inch. 

Th(^ stac.ks are two in number, 

250 fe(^t high above the grates 
and 16 kv,i inside diameter. 

Th(\y arc', built of stool plates 
atul are of tla^ self-supporting 
type^. They ha-ve a 4-iuch stack- 
brick lining with from one to 
two i!i(‘-h(',s of grout betwecti the Pm. 010. Ehhox Station, — Sfccam 
bric^k a.tid the sh(4L Pipinjj;. 

Drips and drain lines from all sourcics, as wcdl as the leaders from the 
roof, disedrarge into eoucrc^to storage tanks beneath the boiler-room 
floor, and ilu^ wa/ter so ciollccted is used for boiler make-up. The 
ba1an(‘.(^. of thc^. make-up water is taken from the city mains. The con- 
demsate^ from each main unit passes through a mcitering tank provided 
with a V-not.ch rcciording imder having a capacity of 4,000,000 pounds 
peu’ hour a,nd drops !)y gravity to a 77,000-p()iuKl storage tank. Thc^ 
makcMip water passc^^s through another V-noixdi recorder, and also 
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goes to the storage tank with the condensate, whence it passes to two 
10,000-hp. open feed-water metering heaters and then to the boiler- 
feed pumps at a temperature of 164 deg. fahr. and is pumped through 
the econonadzers into the boilers at a temperature of 244 <leg. fahr. 
The feed water to each boiler is controlled by two Copes feed-water 
regulators, which maintain the water level in the boilers constant. 
A regulator maintains constant pressure difference between feed pres- 
sure and steam pressure to turbines on feed pumps. The layout of 
the feed- water-piping system and economizers is given in Fig. 611. 
The system is self-explanatory; it will be seen that t/he layout is very 
simple for what may be accomplished with it and the last word in 
flexibility. There are three boiler-feed pumps. Each pump is 3-stage 



double su(‘t.ion having a capacity of 1000 gallons pen* minuter against 
a total dynamic head of 700 fexit and Is diivcnt by a 250-1 ip. Westing- 
house turbine running 2200 r.p.m. 

The boilers blow down through 6 blowdown pipes (M|uipfH‘,cl witli 
a Babcock & Wilcox and Kveuiasting valves in scries into a tank, thence 
tlirough a V-notcdi meter into the. s(wu\ 

Very elaborate arrangenuuits have been miide in the piping system 
wluaeby any turbine or lH)il<u’ tnay b(‘. t(^ste<l while in regular service*. 

All tlie se)e>t from the evHmomizers, stae^ks, (4.e*.., is taliem out* by steam 
cyeK’.iors. The ashe^s elrop from the^ graters int.o hopfxu’s, where* they 
fall inte) sieleMlump pivefl; e;ars aTid are haulc*d out into Ihe^ yarel fy a 
54011 eleeh-rie locennotive anel are usevl for filling-in purpose's. Pro- 
visions fiavc', ham madei so that wlicm the ashes are^ no lemger reefuircHl 
lor filling purposc^s, they will be raised by a skip hoist to a bunke^r in 
the* e*oal iowen* and frenn t!u*re elisehargevl into barge's. 

A Hwitcliboard Is located in front of each boiler, from w'hiedi are 
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controlled the stoker drive, forced- and induced-draft fans. Indi- 
cating and recording meters are also mounted on these panels for 
draft, temperature, motor current, and stoker speed. 

All boiler stop valves, sectionalizing valves, and turbine stop valves 
are operated by 125-volt, direct-current motors and are controlled 
from a switchboard, in the boiler-room engineer’s office on the main 
floor of the boiler room. The turbine stop valves can also be operated 
from a remote-control station on the main floor of the turbine room. 

The steam is taken from a double-ended superheater through 
Edwards stop and check valves into two 8-inch pipes, one at each 
end of the boiler, down through the boiler-room floor to 12-inch to 
18-inch double headers as shown in Fig. 610. These headers are 
cross-connected at each connection from the boilers. A 16-inch steam 
line goes to each turbine and an 8-inch to the auxiliaries. Each end 
of the superheater is furnished with a 4.5-mch safety valve. 

The steam headers arc anchored at the center so that one-half of 
th(^ expansion is in each direction from that point. The headers arc 
also ancihored in the turbine-room basement before they connect to the 
Lurbiru^. inlet through expansion bends and risers. There are no expan- 
sion joints in the headers; they are installed under a tension between 
ancliorages, whicili causes an elongation equal to about one half of the 
(expansion of the section normal tem])erature to that of the steam. 
Tlua’oforc',, when the hea,d(',rs are at t.hc temperature of the surrounding 
air they are in tension, and when at the temperature of the steam they 
ar(^. in about) the same amount; of compression. By tliis scheme it has 
boon possible to do away with expansion joints in the headers, and so 
far tluy luiv(‘. worked vory saiisfacdorily. The headers arc carried on 
sling rods with stirrups resting m springs to allow for come and go. 

Tlu'. t;\irhiti(^ room (‘.oiitains two 25, OOO-kilo volt-ampere General 
.ElcHd)riC; main units, only one l)eing operated at. a time. Three boilers 
arc'* rcaiuin^l t.o supply steam for oru^ unit, which gives a ratio of boiler 
to engiiu^ horsc^power of 1 : 8. The main turbines arc 12-stage, tandem- 
C;Ompound, with. 8 stages for the high pressure and 4 for the low 
pressure, and (exhaust into a surface condenser of the two-pass type 
(containing MM oncvinch tubes 19 foot active length. This gives 1,28 
Hciuaro fc(»,t of (iooling surface per kilowatt and provides for the con- 
densation of 7.5 pounds of shuitn per square foot of cooling surface per 
lunir. An average vaemum of 28.73 inch is maintained with 70-dcgrce 
c.ircailaiing water. Tlie (*xmd(ms(^rs are of the radial-flow typo and arc 
rigidly (xnmected to the turbine, s; the expansion and contraction is 
taken of by supporting the coiidcnsors on springs. 

Tim circulating water is supplied by two 24,00()-gallon centrifugal 
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pumps for each main unit, one motor-driven and the other turbine- 
driven. In the winter the turbine-driven pump usually has capacity 
enough to maintain the vacuum, making it unnecessary to run the 
motor-driven pump except during the summer months. The electri- 
cally-driven pump is so arranged that when the temperature of the 
discharge water rises above a certain value a thermostat closes, auto- 
matically starting the motor, and puts the second pump into service. 

The vacuum pumps are of the Westinghouse Le Blanc type and are 
motor-driven. A turbine-driven hot-well pump takes care of the con- 
densate, which is pumped back into a tank whence it passes through 
a V-notch meter to the feed-water heater. The exhaust of all auxil- 
iaries goes to the open feed-water heaters. 

The circulating water is taken from the river through three intake 
tunnels 9 feet 4 inches by 8 feet, equipped with motor-driven revolv- 
ing screens. The discharge tunnels are two in number, 12 feet 6 inches 
by 9 feet 4 inches, and rest on top of the intake tunnels. 

The main generator units are 25,000-kilovolt-ampere (continuous 
rating), 60-cycle, three-phase, 13,200-volt machines running 1800 r.p.m. 
They are equipped with 100-kilowatt, 250-volt, direct-connected ex- 
citers. These are the only generators of this speed and capacity that 
have direct-connected exciters. 

The air for ventilating the generators is taken from outside the 
bxiildings and is washed by water sprays, one on each generator, 
directed into the incoming air in several directions. This not only 
cleans the air, but also cools and humidifies it, the drop in temperature 
in some cases being as much as 15 deg. fahr. The air is forced through 
the ventilating ducts of the generator by fans on the rotor. The 
heated air from the generator is carried back to the forced-draft fan- 
room in the boiler house and supplies part of the air for the furnaces, 
thus recovering some of the losses in the generator. 

The exciter system is designed to secure maximum reliability to- 
gether with independent excitation for each generator, and consists 
of a regular, emergency, and spare. Regular excitation is supplied by 
a 250-volt shunt generator directly connected to each alternator shaft. 
In case of trouble on the regular exciter, a low-voltage relay instantly 
closes the emergency-exciter circuit, which consists of a 900-ampere 
(30-minute rating) storage battery equipped with four 14-point end- 
cell switches, after which the direct-connected exciter is cut out auto- 
matically by a reverse current relay. The spare exciter, which is a 
75-kiIowatt, motor-driven shunt generator, may then be started by 
the operator from the main switchboard and cut in parallel with the 
battery on the field of the generator and the battery cut out. 
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The power for the station is supplied from a 3000-kilovolt-ampere, 
13,200- to 440-volt, 60-cycle, water-cooled, oil-insulated transformer. 
The transformer is equipped with water-flow indicators and ther- 
mometers, which operate an alarm in case the transformer has no 
cooling water or becomes overheated. 

All the motors used throughout the plant except those which operate 
valves are 440-volt machines. A 440-volt system was selected on 
account of the greater safety to the attendants over a 2300-volt system 
and also on account of the great saving in cable and bus capacity 
compared with 220-volt. Where variable speed is required of the 
alternating-current motors, it is obtained either by changing the number 
of poles in the stator winding or by rotor resistance. 

TABLE 163. 

ESSEX STATION - GENERAL DATA. 

Coal Handling. 


d 

Equipment. 

Kind. 

Size. 

Operating Condition. 

11 

Hoisting enaiiie 

Two-drum 

24-m. drums, 200 r.p.m. 

180 tons per hour 

l' 

H. E. motor 

Induction 

410 hp., 200 i.p.m. 

Direct connected to 
engine 

1| 

Traversing engine 

Single-drum 

30-in. drum 

Gear-driven motor 

1 

T. E. motor 

Induction 

75 hp. 

Constant speed 

1 

Feeder 

Apron 

5 ft. wide, 16 ft. long 

Gear-driven motor 

1 

Feeder motor 

Induction 

7.5 hp. 

Constant speed 

2| 

Crushers 

2-roll 

36 in. by 36 in. rolls 

Gear-driven motor 

2 ! 

Crusher motors 

Induction 

35 hp. 

Constant speed 

1 

Conveyor 

Belt 

30 in. by 161 ft. long 

300 tons per hour 

1 

Conveyor 

Belt 

30 in. by 120 ft. long 

200 tons per hour 

1 

Conveyor motor 

Induction 

20 hp. 

Constant speed 

1 

Conveyor motor 

Induction 

10 hp. 

Constant speed 

1 

Coal bucket 

Clamshell 

1| ton 


1 

Automatic skip hoist 

Balanced 

2 ton buckets — 100 tons per hr. 

Full automatic 

1 

Skip hoist motor 

Induction 

25 hp. 

Constant speed 

1 

Elevator 

Electric freight 

7^ ton 

50 ft. per minute 

1 

Elevator motor 

Induction 

40 hp. 

Constant speed 


Turbine House. 


2 

Generators 

General electric 

25,000 kv.a. 

132,000 v.,3 hp., 60 cy.. 





1800 r.p.m. 

2 

Exciters 

Direct-connected 

100 kw., 250 V., compound wound 

1800 r.p.m. 

1 

Exciter 

Shunt wound 

150 kw., 250 V. 

Reserve equipment 

1 

Exciter motor 

Induction 

220 hp. — 1175 r.p.m. 

Reserve equipment 

2 

Turbines 

Curtis — horizontal 

25,000 kw. — 12 stage 

190 lb. steam, 150 deg. 

2 

Condensers 

Two pass surface 

32,000 sq. ft. —255,000 lb. per hr. 

s upoi 1 ji 0^ t) 

4 

Circulating pumps 

Horizontal-centrifugal 

24,000 gal. per min. 43 ft. max. hd 

Turbine driven 

2 

C. P.turbines 

Horizontally split 

350 hp. 

190 lb. steam, 150 deg. 





superheat 

2 

C. P. motors 

Induction 

350 hp. 

Constant speed 

2 

Air pumps 

Ije Blanc 

37.5 cu. ft. free air per min. 

Motor driven 

2 

Air pump motors 

Induction 

100 hp. 

Constant speed 

2 

Condensate pumps 

Centrifugal 

600 gal. per minute 

Turbine driven 

2 

C. P. turbines 

Horizontally split 

20 hn. 

190 lb. steam, 150 deg. 

<31 1 ACJ 4*. 

1 

Crane 

Electric traveling 

100 ton— 94 ft. span 

2-50 ton, 1-10 ton, hooks 

2 

Air washers 

Spray system 

60,000 cu. ft. air per minute 

Motor-driven pumps — 


! 



10 hp. 

2 

Oil pumps 

Centrifugal 

3-in. — 150 gal. per minute 

Motor driven 

2 

Oil pump motors 

Induction 

7.5 hp. 

Constant speed 

1 

Oil filter 



For new & make-up oil 




only 
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TABLE 163. — Continued, 
Boiler House. 


8 

Boilers 

B. & W. cross drum 

1373 hp. on 10 lb. per sq. ft. basis 

225 lb. press , 150 deg. 

superheat 

150 deg. superheat 

8 

Superheaters 

Flash type 

1711 sq. ft. heating surface 

8 

Soot cleaners 

Steam blow 


Live steam 

8 

Stokers 

Underfeed (Riley) 

16 retort — 15,000 lb. coal per hr. 

Continuous dumping 

4 

Reeves transmissions 

Class F. — No. 6^ 

Variable speed 

8 

Stoker motors 

Induction 

12 hp 

Four speed 

8 

Forced-draft blowers 

Turbo vane (Sturtevant) 

60,000 cu. ft. mm. at 7 in. st. pres. 

2 speed, motor driven 

8 

F. D. B. Motors 

Induction 

150 hp. 

2 speed 

8 

Economizers 

C. I. tube (Sturtevant) 

7750 sq. ft. 40 by 12 by 12 ft. 

1 economizer per boiler 

8 

Induced-draft fans 

Multivane (Sturtevant) 

106,000 cu. ft. gases 400 deg. fahr. 

Constant speed motor 

8 

T. D F motors 

Induction 

100 hp. 

Constant speed 

2 

Heaters 

Cochrane metering 

10,000 hp., 500,000 lb. per hour 


1 

Metering tank 

Blow-off 

200,000 lb. per hour 


1 

Metering tank 

Feed-water 

1,000,000 lb. per hour 

700 ft. total head 

3 

Boiler-feed pumps 

3-stage centrifugal 

1000 gal. per minute 

3 

B. F. P. turbines 

Horizontal 

250 hp. 

190 lb. steam, 150 deg. 
superheat 

1 

Fire pump 

2-stage centrifugal 

1000 gal. per minute 

110 lb. total head 

1 

Fire pump motor 

Induction 

100 hp. 

Constant speed 

1 

Air compressor 

Straight line 

225 cu. ft. per minute 

100 lb. pressure 

1 

A. C. motor 

Induction 


Constant speed 

2 

Service pumps 

Single stage 

500 gal. per minute 

110 lb. total head 

2 

S. P. turbine 

Horizontal 

22 hp. 

190 lb. gauge, 150 deg. 
superheat 

1 

Air compressor 

Straight line 

100 cu. ft. per minute 

100 lb pressure 

1 

A. C. motor 

Induction 

15 hp. 

Constant speed 

2 

Coal larries 

Weighing 

15 ton 

Motor driven 

2 

Stacks 

Steel-brick lined 

15 ft 4 in. by 250 ft. 


2 

Locomotives 

Electric storage battery 

Storage battery 

16 

Meters 

Steam flow 


For elec, locomotives 

] 

Charging equipment 

Motor generator 

15 kw. 


TABLE 164. 

BUFFALO GENERAL ELECTRIC CO. - GENERAL DATA. 
Boiler Room 


T 3 ^e of boilers Babcock and Wilcox, cross-drum water tube 

N umber now installed 5 

Anticipated station load, immediate, kw 40,000 

Heating surface, each, sq. ft 11,400 

Superheater surface, each boiler, sq. ft 3,815 

Grate surface per boiler, total, sq. ft 418 

Heating surface per sq. ft. grate surface, sq. ft 27.27 

Heating surface per sq. ft. superheater surface, sq. ft 3 

Superheater surface per sq. ft. grate surface, sq. ft 9.1 

Heating surface per kw. (95,000 kw., five 11,400 sq. ft. boilers) 0.6 

Working pressure, lb. per sq. in 275 

Superheat, deg. fahr 275 

Total temperature steam, deg. fahr 689 . 4 

Mud drum material Forged steel 

Stokers, Riley underfeed, 2 per boiler; retorts per boiler 30 

Maximum capacity each retort, lb. coal per hr 1,000 

Capacity each retort at approx. 400 per cent, rating, lb. per hr 700 

Boiler rating on peaks, per cent, 350; between peaks, per cent 100 to 250 

Rating on peaks, anticipated maximum, lb. water per hr. from and 

at 212 deg. fahr 160,300 

Water evaporated per sq. ft. heating surface at approx. 400 per cent 

rating, lb . per hr 14.4 

Capacity each stoker on peaks, kw 5,000 to 10,000 

Coal burned per sq. ft. grate at 250 per cent rating, lb. per hr., 26; 
at approx. 400 per cent rating, lb. per hr 50.25 
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TABLE 164. — Continued, 

Economizers, green, type H, maximum pressure, lb. per sq. in 400 

Economizer material Cast iron 

Economizer heating surface per boiler, sq. ft * . 9,435 

Economizer heating surface per sq. ft. boiler-heating surface, sq. ft. 1 . 208 

Economizer surface per boiler horsepower (34.5 lb. water per hr.) 

rated capacity, sq. f t 0 . 228 

Economizer — Guarantees for each unit economizer: 


Feed Water, 

Lb. per Hr. 

Temperature Leav- 
ing Economizer 
when Entering at 
180 Deg. FaLr. 

Gas Temperature 
Entering, Deg. 
Fahr. ' 

1 

Gas Temperature 
Leaving, Deg. 
Fahr. 

Gas Temperature 
Difference, Deg. 
Fahr. 

53,000 

263 

535 

294 

241 

86,000 

281 

633 

366 

267 

103,000 

289 

670 

396 

274 

120,000 

288 

i 705 

i 

443 

262 


Coal Bituminous run of mine 

Coal bunker, type Non-suspended, steel frame, concrete lined 

Coal conveyors: Two bucket conveyors, capacity each per hr., tons 200 

Two belt conveyors over bunker, each 36 in. wide, capacity each per 

hr., tons 200 

Feed pumps, 3 Jeans ville, centrifugal, turbine-driven, all-bronze 
casings. 

Feed pump capacity per sq. ft. heating surface, gal. per min 0.053 

Make-up water evaporator system capacitor, lb. per hr 30,000 

Present make-up water evaporator capacity, per cent of hot-well 

supply (based on 60,000 kw. turbine capacity) 5 

Main open feed-water heaters: Cochran horizontal cylindrical; ca- 
pacity each, boiler horsepower 10,000 

Heater capacity per sq. ft. boiler-heating surface, boiler horsepower 

(34.5 lb. water per hr.) 0.53 

Heater capacity per rated horsepower capacity of boilers, boiler 

horsepower 5.3 

Heater capacity per lb; main-unit steam consumption (95,000 kw. @ 

10,25 lb. per kw-hr.), boiler horsepower 0.0308 

Chimneys: Two steel-lined. 

Contractors, Lackawanna Steel Co. Builders, Merchants Iron 
Works, Chicago. 

Height above lower grate, ft. 192; height above upper grate, ft.. . 185 

Diameter at hue entrance, ft 19 

Diameter at top, ft 19 

Boilers per chimney 4 

Coal burned per sq, ft. chimney cross-sectional area at approx. 400 

per cent rating, lb. per hr 185.1 

Forced-draft fans, Green, radial flow; number of 3 

Capacity of each at 6 in. static pressure, 550 r.p.m., cu. ft. per min. 

(hp. 308) 210,000 

Capacity of each at 4| in. static pressure, 430 r.p.m., cu. ft. per min. 

(hp. 153) 150,000 

Capacity of each at 3 in. static pressure, 336 r.p.m., cu. ft. per min. 

(hp. 67) 100.000 

Induced-draft fans: Buffalo Forge Co., number of 6 

Induced-draft fan capacity, each, with gas at 496 deg. fahr., 482 

r.p.m. cu. ft. per min. (hp. 130) 120,500 

Forced-draft fan capacity per sq. ft. grate, cu. ft. per min 251 

Induced-draft fan capacity per sq. ft. grate, cu. ft. per min 288 

Bunker coal storage over present 8 boilers, maximum tons 3,000 

Yard coal storage at plant, tons 60,000 
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TABLE 164. — Continued. 

Turbines. 

Three 20,000--kw. at 90 per cent power factor, installed; one 35,000-kw. 
on order. 

General Electric Co., single-cylinder, horizontal, speed, r.p.m 

Operating pressure, lb. abs 

Operating superheat, deg. fahr. . . . _ . ‘ iu ' u ’ ocA 

Performance guarantees: Operating conditions — 265 lb. abs. 250 

deg. fahr. superheat. 1-in absolute pressure, 30-in. barometer, m condenser: 


1,500 

290 

275 


Net Kw. Load of 

Lb. of Steam per 

Generator. 

Kw-hr. 

7,500 

11 85 

10,000 

11 05 

15,000 

10 25 

20,000 

10 60 


Note. For higher pressures and temperatures the following factors are used: 
1 per cent for each 15 lb. pressure for range of 25 lb. above or below normal; 1 per 
cent for each 11 deg. fahr. superheat for range of 25 deg. fahr. above or below normal. 

Blading material: First 2 and last 3 rows, nickel steel; interme- 
diate rows, monel metal and nickel bronze. 

Peripheral speed last rows of low-pressure blading, ft. per sec. . 

Total weight each 20,000-kw. machine, lb 

Weight of turbine per rated kw. capacity, lb. ... 

Heaviest piece to be lifted by crane, tons ..... 

Floor space occupied by each turbine, outside measurements, sq. ft. 

Turbine rated capacity per sq. ft. floor covered by turbine, kw 

Steam consumption of auxiliaries: 

At most economical load, lb. per hr., 6100; with 70-deg. fahr 

circ. water, lb. per hr ... 

At full load, lb. per hr., 9100; with 70 deg. fahr. circ. water, lb 

per hr 

Exciters: Three, capacity each, kw ^ 

Type Combination turbine and induction 

Builders. . . Terry 

Main unit capacity per kw. capacity of exciters, installed, kw. . . . 


717 

540,000 

27 

70 

830 

24 


10.500 

13.500 
300 

motor drive 
Turbine Co. 
105.5 


Condensers. 


Builder Westinghouse Electric and Mfg. Co. 

Total tube surface per condenser, sq. ft 33,000 

Tube area per kw. turbine capacity served by condenser, sq. ft 1 . 65 

Tubes, 1 in. 0. D., composition, Muntz metal (60 per cent copper, 40 per cent zinc) 
Chief guarantee: With 70 deg. circulating water, pressure in con- 
denser, lb. abs 1.33 

Circulating pumps, capacity each, gal. per min 25,000 

Builder, Westinghouse Electric and Mfg. Co., type, double suc- 
tion, centrifugal. 

Diameter discharge pipe, in 42 

Circulating-water pumping capacity per lb. steam condensed at 

consumption of 10.6 lb. per kw-hr., lb 118 

Circulating pumps (two per condenser), capacity each, gal. per min . 25,000 

Cross-sectional area each intake and each discharge tunnel for each 

unit, sq. ft 30 

Intake, tunnel area per 1000 gal. per min. circulating-water pump- 
ing capacity, sq. ft 0.6 

Screens at circulating water intake Wire mesh, stationary 

Dry-vacuum pump, type Le Blanc 

Hot-well pump: Centrifugal; builder, Worthington; size in. 4 
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TABLE 165. 

COMMONWEALTH EDISON CO., NORTHWEST, UNIT No. Z — GENERAL DATA. 

Turbine. 

Maker General Electric Co. 

Type Horizontal compound 

Capacity, hp 45,000 

Number single stages, h-p. element . . 10 

Number of double stages, 1-p. element 2 

Speed, r.p.m 1,500 

Condenser. 

Maker Wheeler Condenser and Engineering Co. 

Number of tubes 11,000 

Size of tubes, in 1 

Surface in condenser, sq. ft 50,000 

Surface per kilowatt of generator rating, sq. ft 1.67 

Capacity, lb. of steam per hr 360,000 

Steam condensed per square foot of surface, lb 7.2 

Weight of condenser, empty, tons 176 

Weight of cooling water in condenser, tons 66.5 

Circulating-pump capacity, gal. per min 52,000 

Circulating-pump capacity, Ih. per hr 26,000,000 

Cooling water per pound of steam, lb 72 

Condensate pump, gal. per min 1,200 

Generator. 

Maker General Electric Co. 

Capacity, rated 30,000 

Voltage 9,000 

Frequency, cycles . . . 25 

Speed, r.p.m 1,500 

Number field poles 2 

Length complete unit, overall ft. .. .. 59 5 

Width, ft 18.33 

Floor area cover, sq. ft 1,091 

Area per kilowatt of generator rating, sq. ft 0 . 036 

Exciter voltage ‘ 220 

Boilers. 

Maker Babcock & Wilcox Co. 

Type Cross-drum, water-tube 

Pressure, lb. per sq. in. gauge 230 

Superheat, deg. fahr 200 

Temperature of steam, deg. fahr 600 

Number of boilers in unit 5 

Number of tubes per boiler 588 

Diameter of tubes, in 4 

Length of tubes, ft. ....... . 18 

Steam-making surface in boiler, sq. ft 12,200 

Stokers per boiler ^ 2 

Type of stoker B.&W. chain-grate 

Active area of two stokers, sq. ft 273 

Ratio grate area to boiler-heating surface 1 to 45 

Per 1000 sq. ft. of boiler-heating surface: 

Connected grate area, sq. ft 22.3 

Stack area, sq. ft 4.17 

Economizer surface, sq. ft 538.2 

Capacity of each boiler, lb. steam per hr 85,000 

Evaporation per sq. ft. of heating surface, lb 7 
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TABLE 165. — Continued, 


Coal capacity of each boiler, lb. per hr 12,600 

Coal per square foot of grate, lb 46 

Size of steam main to turbine, in 20 

Boiler-feed pumps: 

^ ^ ^ TT T> Ttr J.1^* J 


Capacity, lb. per hr 450,000 

Speed, r.p.m 2,500 

Water temperatures: 

In feed-water heater, deg. fahr 100-120 

Leaviag economizer and entering boiler, deg. fahr 270 


Economizers. 


Maker 

Type 

Number of economizers 

Number of tubes in each 

Length of tubes, ft 

Heating surface in tubes 

Maker 

Type 

Capacity, cubic feet hot gases per mm 

Horsepower of motor 

Draft in boiler uptake, in. of water 

Height of stack above boiler-room floor, ft. 

Diameter of stack, inside, ft 


B. F. Sturtevant Co. 

High-pressure 

5 

456 

12 

6,566 

B. F. Sturtevant Co. 

Multivane 

90,000 

100 

2.4 

250 

18 



CHAPTER XXI 

A TYPICAL MODERN ISOLATED STATION* 

Bleeder Turbines and Condenser System 

4:39. The new power plant of the W. H. McElwain Company at 
Manchester^ N. H., is an excellent example of current practice in 
generation of power by steam for industrial purposes. 

General Arrangement — General arrangement of the boiler and 
engine rooms is shown in plan in Fig. 613. At the present time there 
have been installed three 300-horsepower water-tube boilers and one 
1000-kilowatt turbo-generator outfit. The boiler room contains suffi- 
cient space for a fourth 300-horsepower unit, as indicated by dotted 
lines. The completed plant will include duplicates of the two batteries 
shown, making a total of 2400 horsepower. The future boilers will 
face those already installed, the building being extended for this pur- 
pose, and the firing space shown will be common to both sections. 

The chimney, which is 176 feet in height, with a flue 9 feet in diam- 
eter, is designed with reference to the final capacity of the plant. In 
the engine room, at the right, is shown space for two additional gener- 
ating units, which provide for an ultimate capacity of 3000 kilowatts. 
Sectional elevations, showing the boilers, turbines, and the various 
auxiliary equipment and their connections, are illustrated in Figs. 612, 
613, and 614. 

Boilers, — Present equipment consists of three Babcock and Wilcox 
water-tube boilers, each containing 2972 square feet of heating surface 
and about 50 square feet of grate surface. The heating surface is made 
up of two steam drums, tubes, and mud drum, and a superheater of 
the form shown in Fig. 614. 

Each boiler contains 144 4-inch tubes, 18 feet in length, made up in 
12 sections of 12 tubes each, and 2 steam drums, 3 feet in diameter by 
20 feet 4 inches in length. The superheaters each contain approxi- 
mately 372 square feet of surface, which is 12| per cent of the heating 
surface of the boiler, and are designed to give 100 degrees superheat 
when the boilers are operated at their normal rating of 300 horsepower. 
The proportions of all parts are designed for a working pressure of 160 
pounds per square inch and the safety valves are set at that point. 

* From the Practical Engineer, Chicago, July 1, 1912. 
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Fig. 612. Sectional Elevation through Boiler Boom and Basement. 








Fig. 614. Sectional Elevation through Boiler and Engine Room, showing Steam Piping and Condenser Connections, 
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Each boiler is provided with a water colxumi fitted with high and low 
water alarm, try cocks, and gauge glass with special device for shutting 
off in case of breakage. Also 3|-inch lock pop-safety valve, and 12- 
inch steam gauge reading to 300 pounds pressure. The feed pipes are 2 
inches in diameter, provided with both check and gate valves, the latter 
having special extension handles. The blow-off connections are of 
2^-inch extra heavy pipe, and are each provided with two blow-off 
valves of special design. 

Boiler settings are of hard-burned brick, laid in cement mortar, 
consisting of 1 part cement to 3 of sand, up to the level of the grates, 
and in lime mortar above that point. All parts of the furnaces and 
setting exposed to the fire are lined with firebrick laid in fire clay. The 
furnaces are of the “Dutch oven” type as shown in Fig. 614. 

Smoke Connections. — Location of the main smoke flue is best 
shown in Fig. 613. It is 4 feet 9 inches by 7 feet 6 inches in size and 
constructed of No. 10 black iron. It is stiffened with angle-iron 
braces and supported from the roof. The uptake from each boiler 
is provided with an adjusting damper for hand manipulation from 
the floor level. 

A balanced damper is located in the main flue at the point indicated, 
and operated by an automatic regulator of the hydraulic type. An 
interesting detail in connection with this work is the method of attach- 
ing the covering to the lower side of the flue so that it will not sag or 
peel off. This consists of cross pieces of 1-inch tee-bars placed 24 inches 
apart and riveted to the flue. The projecting flanges of these bars are 
drilled at frequent intervals and wires strung through, to which the 
covering is attached. 

Handling of Fuel and Ash. — Coal is brought to the fire room by 
cars running on a special track, as shown in Fig. 613. This track passes 
over platform scales just inside the building, where each load may be 
weighed as it is brought in. The track is double within the fire room 
so that the cars may pass, and also to furnish storage space for both 
coal and ash cars when so desired. 

The arrangement for the removal of ash is best shown in Figs. 613 
and 614. A dumping chute is provided in the bottom of each ashpit 
and at such an elevation that a car may be run underneath it as indi- 
cated. When filled, they are pushed to the ash lift (see Fig. 613) where 
they are raised to the boiler-room level and run out on the coal track 
for disposal. Combustible waste from the factory is brought through 
a 36-inch pipe to a collector placed in the upper part of the boiler 
room, as shown in Fig. 614, and fed into the furnaces as there 
indicated. 
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Tmhine and Generator, — The turbo-generator unit is one of the 
Westinghouse make, of 1000-kilowatt capacity, and equipped with an 
automatic bleeder connection and constant-pressure valve. It is 6 feet 
6 inches in width by 24 feet 8 inches in length and weighs approxi- 
mately 79,000 pounds. It is of the regular Westinghouse-Parsons 
type, the most interesting feature being the bleeder attachment which 
adapts it for use in combined power and heating plants. An impor- 
tant requirement for the economical operation of the ordinary steam 
turbine is the maintenance of a high vacuum at the exhaust end, 
which, of course, prevents the utilization of exhaust steam for heating 
purposes. 

The capacity of the turbine under different conditions is as follows: 
With a throttle pressure of 150 pounds per square inch (gauge), a 
vacuum of 28 inches, 100 degrees superheat, and a speed of 3600 
r.p.m., the normal capacity when condensing is 1500 b.hp. and the 
maximum 2250 b.hp. When running non-condensing with a back pres- 
sure not exceeding that of the atmosphere, the maximum capacity is 
1500 b.hp. 

It is interesting to note the probable steam economy of a turbine 
of this type when operating under varying loads, as expressed in 
the guarantee placed upon this machine, which is as follows: When 
operating under the above conditions, in connection with the gen- 
erator attached, the steam consumption per hour, including all leak- 
age and loss with the turbine, shall not exceed the quantities given 
below: 


Load, 

Per Cent. 

Power Factor, 

Per Cent. 

Kilowatts. 

Pounds Steam per 
Kilowatt-Hour. 

150 

80 

1500 

18.8 

125 

80 

1250 

18.3 

100 

80 

1000 

17.9 

75 

80 

750 

18.8 

50 

80 

500 

20.7 


When operating under the same general conditions, with 3 pounds 
gauge pressure at the bleeder connection, the steam consumption per 
hour shall not exceed the following at the loads indicated, when with- 
drawing the following amounts of steam through the bleeder connection: 
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Pounds of Steam 

Steam to Condenser. 

Per Cent. 

Kilowatts. 

To Throttle. 

To Bleeder. 

Total. 

Kilowatts. 

150 

1500 

38,000 

18,600 

19,400 

12.9 



3i;000 

10,000 

21,000 

14.0 

125 

1265 

38;000 

22,000 

16,000 

12.7 



36,300 

20,000 

16,300 

12.9 



29;200 

10,000 

19,200 

15.2 

100 

1000 

37,200 

30,000 

7,200 

7.2 



30^,000 

20,000 

10,000 

10.0 



24;400 

10,000 

14,400 

14.4 

75 

716 

30,500 

30,000 

500 

0.7 



25,600 

20,000 

5,600 

7.8 



20,200 

10,000 

10,200 

14.2 

50 

469 

21,700 

21,700 

0 

0.0 



20,600 

20,000 

600 

1.3 



16,000 

10,000 

6,000 

12.8 


Generator . — The generator is of the revolving-field t 3 rpe with inclosed 
frame, generating a 3-phase, 60-cycle, alternating current of 600 volts. 
The efficiency rating, with a power factor of 100 per cent, is as follows: 


Load, 

Per Cent. 

Efficiency, 

Per Cent. 

Load, 

Per Cent. 

Efficiency, 

Per Cent. 

50 

90.10 

125 

95.50 

75 

93.00 

150 

95.75 

100 

94.50 




Temperature rise based on its normal rating and a power factor of 
80 per cent, for periods of different length and for various loads, is 
given below: 


Load, 

Per Cent. 

Length of Run, 
Hours. 

Temperature Rise, 
Armature. 

Begs. F., Field. 

100 

24 

72 

72 

125 

24 

90 

90 

150 

1 

108 

108 


The maximum conditions of continuous operation with a power factor 
of 80 per cent and for a room temperature of 77 deg. fahr. are as follows: 
Output, 1250 kilowatts (25 per cent overload). Rise in temperature: 

Armatme, 90 deg. fahr. 

Field, 90 deg. fahr. 

Maximum temperature to which insulation can be subjected without 

injury: Armature, 194 deg. fahr. 

Field, 302 deg. fahr. 
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There are two exciters provided, one being turbine driven and having 
a normal capacity of 25 kilowatts j the other motor driven, with a 
capacity of 40 kilowatts. The turbine is of the Westinghouse make, 
horizontal type, with a normal capacity of 38 b.hp. at a speed of 3500 
r.p.m. when running non-condensing, and a continuous overload capac- 
ity of 25 per cent. The steam requirements for this machine as re- 
gards temperature and pressure are the same as for the main turbine. 

The exciter is a direct-current machine with shunt winding, gener- 
ating a current of 125 volts at full load. 

Condensing Apparatus. — In connection with the main turbine a 
Westinghouse-Le Blanc jet condenser is used, and is shown in elevation 
in Figs. 614 and 615. This is designed to operate under a normal lift 
of 18 feet and takes its water supply from the intake tuimel as shown. 
When using injection water at a temperature of 70 deg. fahr. the fol- 
lowing results are guaranteed, with a water consumption not exceed- 
ing 724,000 pounds per hour: 


Steam. Condensed 
per Hour, 
Pounds. 

Vacuum Main- 
tamed, Inches 
(Barometer, 30 Ins.) 

Steam Condensed 
per Hour, 
Pounds. 

Vacuum Main- 
tained, Inches 
(Barometer, 30 Ins.) 

10,350 

28 65 

19,950 

28.00 

14,100 

28 44 

22,900 

27.80 

18,000 

28.17 

30,000 

27.11 


The vacuum air pump is of the turbine type and is mounted upon 
the same shaft with the centrifugal ejector pump, both being driven by 
a steam turbine of 41 b.hp. running at 1500 r.p.m. under an atmos- 
pheric exhaust pressure. This piece of apparatus is shown at the base 
of the condenser in Figs. 614 and 615. 

High-pressure Piping System. — This includes all high-pressure piping 
in the boiler and engine rooms for the supply of turbines, pumps, etc., 
and for the supplementary supply to the heating system as may be 
needed. Pipe used for this purpose is full weight, wrought iron being 
used for sizes below 6 inches and open-hearth steel for larger sizes. 
The main dr um at the rear of the boilers is of gun metal with nozzles 
cast in place. Expansion is provided for, so far as possible, by the use 
of sweep pipe bends and fittings of the long-turn pattern, all 2|-inch 
and larger fittings being of this design with flange joints. The high- 
pressure connections are shown in Figs. 613, 614, and 616. Starting 
at the boilers (Fig. 614), 6-inch leads are carried to a 12-inch drum 
supported on lower piers and rolls at the rear of the boilers. From here 
a 6-inch branch leads to the main turbine, and two branches of the 
same size to a 6-inch auxiliary main, running beneath the engine-room 
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Fig. 615. Longitudinal Section of Engine Room Basement, showing Condenser Connections and Piping to Heating System. 
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floor, near to, and parallel with, the boiler-room wall. From this 
auxiliary main are taken the supplies to the various minor turbines and 
pumps, and also the branches leading to the low and intermediate- 
pressure system through reducing valves. The main drum is divided 
into two sections by means of a valve at the center, and each of these 
sections is connected with the auxiliary drum as shown in Figs. 612 and 
616. The supplies to the various pumps are easily traced from Fig. 
616, also the connections with the 18-inch heating main and the inter- 
mediate-pressure line, leading to the factory through the tunnel leaving 
the building as indicated in the upper right-hand corner of the drawing. 

Exhaust System. — All low and intermediate pressure piping is full 
weight, sizes up to, and including, 12-inch being of wrought iron, while 
open-hearth steel is employed for the larger sizes. Standard-weight fit- 
tings are used for this work, those 6 inches and over being of the long- 
turn pattern. Flange joints are provided on all piping 2J inches and 
larger in diameter, the same as for high-pressure work. The exhaust 
piping is most clearly shown in Figs. 614, 615, and 616. Referring to 
Fig. 616 the 18-inch exhaust from the main turbine is shown as leading 
through a back-pressure valve into a 30-inch outboard line designed for 
the completed plant. This is clearly shown in elevation in Fig. 165. 
An 8-inch auxiliary exhaust connecting with the various pumps is 
shown in Fig. 615, parallel with, and below, the auxiliary high-pressure 
main already described. Steam from this enters the heating system 
through an oil separator. The 12-inch bleeder connection from the 
turbine leads to the 18-inch heating main and is shown in the same 
drawing, although more clearly in Fig. 616. 

Drainage. — The blow-off main from the boilers is carried directly to 
the river through a 4-inch cast-iron pipe. Drips from high-pressure 
piping are trapped to the main receiving tank and pumped back to the 
boilers. Exhaust drips, and all condensation containing oil, are trapped 
to a cast-iron sump tank located in the condenser pit, and, together 
with other drainage, are discharged by means of a water ejector. 

Water Supply, Feed Piping, etc. — Water for condensing and fire 
purposes is brought from the river through a cement conduit, a section 
of this, together with the 15-inch suction to the condenser, being shown 
in Figs. 614 and 615. The discharge from the condenser pump is into 
an 18-inch pipe leading to the river and shown in section in Fig. 614. 
Water pressure for fire protection is furnished by an 18 by 10 by 12-inch 
Underwriters' fire pump of 1000 gallons capacity, placed in the con- 
denser pit; this is shown in elevation in Fig. 615 and in plan in Fig. 616 
and takes its supply from the intake tunnel as there shown. 

The house tank and boilers have two sources of supply, one directly 




Fig. 616. Plan of Steam and Exhaust Piping. 
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from the city mains and the other from the intake tunnel. There is 
also a tank arrangement whereby water may be drawn from the dis- 
charge pipe of the condenser pump. 

These various lines are shown in Fig. 617. A 6-inch connection from 
the city main enters as shown at the upper part of the drawing, toward 
the left, and, after passing through a meter, branches are carried to the 



house tank, the receiving tank, the boilers, and to the priming pipes of 
the condenser and vacuum pumps. 

The second source of supply, that from the intake tunnel, requires 
the use of two turbine-driven house pumps of the one-stage turbine 
type, located in the condenser pit as shown in Fig. 617. These pumps 
each have a capacity of 200 gallons per minute against a head of 150 
feet, and discharge into a line of piping having branches connecting 
with the house tank, receiving tank, and boiler-feed pipe. A filtering 
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equipment is also provided, as shown in Fig. 617, and so connected 
that the water from this source may be purified if desired. 

Boiler Feed. — Feed lines connecting with the boilers are shown in 
Fig. 613. One of these supplies water either directly by city pressure 
or from the turbine house pumps. The other supply is from a pair 
of boiler-feed pumps connecting with a receiving tank located in the 
boiler room as shown. The feed pumps, two in number, are of the 
duplex, outside packed, pot-valve type, 8 by 5 by 10 inches in size. 
The tank is 4 feet in diameter by 6 feet in length, of |-inch iron plate, 
and is connected with both city pressure and the house pumps. Under 
ordinary working conditions the feed supply is first discharged into the 
tank and then pumped to the boilers through a heater of 1000-horse- 
power capacity located as shown in. the drawing. 

Heating System. — Factory buildings are heated by direct radiation 
in the form of coils and cast-iron radiators as best suited to local con- 
ditions. The Webster system of circulation is employed, a pair of 
6 by 10 by 12-inch single-piston vacuum pumps being connected with 
the main return as shown in Fig. 617. These discharge into the re- 
ceiving tank in the boiler room, and the condensation is pumped back 
to the boilers with the fresh feed. 

Steam supply for the radiation has already been mentioned, coming 
principally through the bleeder connection from the main turbine, 
supplemented, when necessary, by live steam through a reducing valve. 

Insulation. — In general, tanks, heaters, etc., are covered with 85 
per cent magnesia blocks, finished with a plastic coat of the same 
material, the total thickness of the covering, when finished, being 2 
inches. In addition to this, tanks and heater are provided with a 
covering of 7-ounce canvas. The insulation on that portion of the 
smoke pipe which comes outside of the building is protected by a cov- 
ering of heavy sheet iron. Steam piping, both high and low pressure, 
is insulated with 85 per cent magnesia sectional covering. All cold- 
water piping, with the exception of the connections to the condenser, 
are covered with wool felt, having a lining of tarred paper. Pipe 
covering of all kinds is finished with a heavy canvas jacket and painted. 



CHAPTER XXII. — Supplementary 

PROPERTIES OF SATURATED AND SUPERHEATED STEAM 

MO. General. — The thermal and physical properties of water vapor 
though based on experimental data permit of accurate mathematical 
formulation, but the equations involved are too complex and unwieldy 
for everyday use. Tables and graphical charts calculated and plotted 
from these laws offer a simple and accurate means of solving practically 
all steam" problems and recourse to thermodynamic analysis is seldom 
necessary. 

Several tables and graphical charts of the properties of saturated 
and superheated steam have been published and though the values 
given by the various authorities differ somewhat from each other the 
variation is negligible for most engineering purposes. The recent 
tables of Peabody,* Marks and Davis, f and of GoodenoughJ embody 
the latest and most accurate researches and are most commonly used 
in engineering practice. These tables give the simultaneous physical 
and thermal properties of saturated and superheated steam for various 
pressures and temperatures. All three tables are practically identical 
in arrangement as far as saturated steam is concerned but differ some- 
what in the treatment of superheated steam. 

Ml. Notations. — It is to be regretted that there is no accepted 
standard set of symbols for designating the various properties of steam. 
The use of different notations for the same property as in the case with 
the tables under consideration leads to much confusion. In the fol- 
lowing discussion an attempt has been made to follow general practice 
rather than that of any particular author. 

442. Standard Units. — The mean B.t.u. or of the heat required to 
raise one pound of water from 32 deg. to 212 deg. fahr. is the accepted 
standard heat unit in all recent works on thermodynamics. 

The mechanical equivalent of heat J may be taken for all engineering 
purposes as 

1 mean B.t.u. = 778 standard ft. lb. 

(Goodenough, J = 777.64; Marks & Davis, J — 777.54.) 

The reciprocal of J or yfg- is generally designated by the letter A. 

* Steam and Entropy Tables, Peabody, John Wiley & Sons, 1909. 

t Steam Tables and Diagrams, Marks & Davis, Longmans Green & Co., 1912. 

t Properties of Steam and Ammonia, Goodenough, John Wiley & Sons, 1915. 
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The value of the absolute zero has been variously given as ranging 
from. 459.2 to 460.66 deg. fahr. below zero. The most generally 
accepted value is 459.6. For all engineering purposes, the value 460 
degrees is sufficiently accurate. Temperatures referred to zero deg. 
fahr. are generally designated by t and absolute temperature by T. 

The normal pressure of the atmosphere or one standard atmosphere 
is taken as 29.921 inch of mercury at 32 deg. fahr., or 14.6963 pounds 
per square inch. For most purposes these values may be taken as 
30 inches of mercury at ordinary room temperature and 14.7 pounds 
per square inch, respectively. Steam pressure should always be stated 
in absolute terms and not “ gauge since the atmospheric pressure 
varies within wide limits. Notations p and P are commonly used to 
designate pressure but because of the various methods of measuring 
this property they should be qualified to this effect. In the following 
discussion p represents pounds per square inch absolute and P pounds 
per square foot absolute. 

443. Quality. — .This term applies strictly to the per cent of vapor in 
a mixture of vapor and water or wet steam and is usually designated 
by x; thus a quality of 95 signifies that 95 per cent of the total weight 
of the mixture is vapor. For saturated steam x = 1. The quality of 
superheated steam is designated by the temperature of the vapor or 
the degree of superheat. The latter term refers to the difference 
between the actual temperature and that of saturated vapor of the 
same pressure. 

444. Temperature-Pressure Relation. Saturated Steam. — All prop- 
erties of saturated steam depend on temperature only. For any 
temperature there is a corresponding pressure, the relationship being 
determined from formulas based upon experimental data. A large 
number of formulas have been proposed to represent this relationship 
but the more exact equations are too cumbersome for everyday use. 
In Marks & Davis’ steam tables the pressure-temperature relationship 
is based upon the following law: 

log p = 10.51535-4873.71 T-i- 0,00405096 r+0.00000139296 T\ (306) 

Wet Steam. — The relation between pressure and temperature is the 
same for wet steam as for saturated since the quality does not affect 
the temperature. 

Superheated Steam. — The temperature of superheated steam is not 
dependent solely upon the pressure and some additional property is 
necessary to fix the relationship. 

445. Specific Volume. Saturated Steam. — The specific volume s of 
saturated steam or the number of cubic feet occupied by one pound, 
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varies with the pressure and is equal to the sum of the original volume 
of one pound of water cr, and u the increase in volume during vapor- 
ization, thus: 

s = u <T. (307) 

Goodenough^s modification of Linde’s equation is 

u = 0.59465 - - (1 + 0.0513 (308) 

'P J. 

log m = 10.825. 

Wet Steam, — The specific volume v of wet steam may be calculated 
as follows: 

y = 4* (1 ~ 0- (309) 

= XU 4 O'* (310) 

s is given in all saturated steam tables, a varies from 0.0161 cu. ft. 
per lb. at a pressure of 1 lb. per sq. in., absolute, to 0.02 cu. ft. at 300 lb. 
or is so small compared with s that it may be neglected for most pur- 
poses and the specific volume becomes v = xs. v may be taken directly 
from the volume-entropy chart. 

Superheated Steam, — The specific volume of superheated steam is 
given in all superheated tables. The values in Goodenough’s tables 
were calculated from equation (308) by substituting u = v' — a, 

Wm, J. Goudie (Engineering, July 1, 1901) gives the following simple 
rule for determining the specific volume which gives satisfactory re- 
sults for moderate degrees of superheat. 

v' ^ s{l + 0.0016 0, (311) 

in which 

s = specific volume of saturated steam, pound per cubic foot, 

f = degree of superheat. 

Tumlirz’s formula is a simple and fairly accurate abridgment of 
equation (308) for moderate degrees of superheat but at higher temper- 
atures gives results too low. 

v' = 0.5962 ^ - 0.256. (312) 

446. Heat of the Liquid. — The heat of the liquid g, B.t.u. per pound 
above 32 deg. fahr., is the amount added to water at 32 deg. fahr. in 
order to bring it to the temperature of vaporization, thus: 

g = (313) 

^492 

in which c = specific heat at constant pressure. 
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c varies with the cemperature, but the relationship does not permit 
of simple formulation. If = mean specific heat for the temperature 
range, 

32). (314) 

For many purposes it is sufficiently accurate to assume Cm = I, 
then g = i — 32. The relationship between tj c, and Cm, is shown in 
Fig. 618 for a wide range in temperatures. 

The heat of the liquid is manifestly constant for a given temperature 
whatever may be the condition of the steam. 
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Fig. 618. Specific Heats of Water. 

447. Latent Heat of Vaporization. — The latent heat of vaporization r, 
B.t.u. per pound above 32 deg. fahr., is the amount of heat required 
to change the fluid from a liquid to vapor at the same temperature. 
The latent heat has been accurately determined by direct experiment 
from 32 degrees to 356 deg. fahr. and numerous formulas have been 
based upon the experiments for calculating this quantity. Good- 
enough's values are calculated from the Clapeyron relation: 

r = A{s-u)T^- (315) 

A simple formula which gives accurate results from 32 degrees to 
400 deg. fahr. is 

r = 970.4 - 0.655 {t - 212) - 0.00045 (i - 212)1 (316) 

At higher temperatures Henniags’ exponential formula as modified 
by Dr. Davis is perhaps more accurate than equation (316), 

r = 139 (689 - (317) 

The latent heat decreases with the increase in temperature until a 
temperature of approximately 706 deg. fahr. (corresponding pressure 
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3200 lb. per sq. in.) is reached when its value becomes 0. This is 
called the critical temperature. 

Values of r are given in all saturated steam tables. 

Special interest attaches to the values of r at 212 deg. fahr. because 
of its common use in engine and boiler tests. The following values 
have been assigned to this quantity. 

Regnault 966.0 Marks and Davis 970.4 

Peabody 969.7 Smith 972.0 

Heck 971 2 Goodenough 971.6 

The correct value is probably quite close to 972.0. 

External Latent Heat, — During the heating of the liquid the change 
in volume is very small and may be neglected, hence the external work 
done is negligible and also practically all of the heat goes to increase 
the energy of the liquid. During vaporization, however, the volume 
changes from cr to s. Since the pressure remains constant, the external 
work that must be done to pro^dde for increase in volume is 

P(s-cx)=Pu (318) 

and the corresponding heat or external latent heat is 

AP {s- a) = APu. (319) 

Internal Latent Heat, — The heat r added during vaporization is 
used in increasing the energy and is doing* external work. Hence the 
difference, or internal latent heat p, B.t.u. per pound above 32 deg. fahr., 

p = r - APu, (320) 

is the heat required to do disgregation work. 

448. Total Heat or Heat Content. — The total heat of saturated steam 
X, B.t.u. per pound above 32 deg. fahr., is evidently the sum of the heat 
of the liquid and the heat of vaporization, or 

X = r + g (321) 

= p + APu + g. (322) 

The total heat of saturated steam may be calculated by means of 
the Davis formula: 

X = 1046.187 + 0.6077 t - 0.00055 (323) 

The quantity (P + ^ increase in energy of the saturated 

vapor over that of the liquid at 32 deg. fahr. and is called the intrinsic 
energy. 

Wet Steam, — If vaporization is not complete the heat content Hw 
B.t.u. per pound above 32 deg. fahr. may be expressed: 

Hw = xr + g 

= xp + AP XU + g* 


( 324 ) 

( 325 ) 
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Superheated Steam. — If heat is added at constant pressure after 
vaporization is completed, the vapor will be superheated, and the 
heat content is 

ffa = r + g + Cjt' (326) 

- X + CJ, (327) 

in which 

Cm = mean specific heat of the superheated vapor at constant pres- 
sure, 

f = degree of superheat = 4up. — 4at.* 


Good enough gives the following formula for calculating the total 
heat of superheated steam, absolute temperature of the steam deg. 
fahr. 


H, = 0.320 Ts + 0.000063 T/ « 

+ 0.00333 p + 948.7, 
log Cz = 10.791155. 


23,583 Czp (l + 0.0312 pi) 
T, r/ 


(328) 


449. Specific Heat of Steam. Saturated Steam. — If the amount of heat 
required to raise the temperature of saturated steam one degree and 
still maintain a saturated condition is construed as the specific heat 
of saturated steam, then the quantity is negative, since heat must be 
abstracted to effect this result. 


Csat. = 0.35 - 0.000666 (f - 212) - ~ (329) 


Superheated Steam. — The true or instantaneous specific heat C' of 
superheated steam at constant pressure is the amount required to 
increase the temperature of one pound one degree fahr. Goodenough^s 
equation based on the experiment of Knoblauch and Jakob is 


C' = 0.320 + 0.000126 7,+ 
log C 2 = 11.3936. 


23,583 . C 2 P (1 + 0.0342 p^) 


T,^ 




(330) 


The mean specific heat may be calculated from superheated steam 
tables as follows: 


ri J?sup, X 

Om - J, 


(331) 


The true and mean specific heat of superheated steam at constant 
pressure for a wide range in pressures and temperatures are shown in 
Figs. 619 and 620. The curves are taken from Goodenough’s ^Trin- 
ciples of Thermodynamics/' 
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MEAN SPECIFIC HEAT OF SUPERHEATED STEAM. 
(Compute from Marks and Davis’ Steam Tabl^.) 
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450, Entropy, General, — No change in a system of bodies that takes 
place of itself can increase the available energy of the system. As a 
matter of fact the actual physical process is accompanied by frictional 
effects and the quantity of energy available for transformation into 
work is decreased. This decrease in available energy or increase in 
unavailable energy is given the name increase of entropy. Although 
the solution of all engineering problems involving thermodynamic 
changes can be obtained without employing entropy, still its use 
simplifies the calculation in much the same manner that logarithms 
facilitate complex numerical computations. Increase of entropy be- 
tween the absolute temperatures and Ti may be expressed 
mathematically 


Increase of 


entropy = 


dQ 


(332) 


in which dQ represents an infinitesimal amount of heat and T the 
absolute temperature at which it is added. 

Entropy of the Liquid. — The increase in entropy 6 due to heating 
one pound of liquid from 32 deg. fahr. to temperature T is 


in which 


e = 



r 

Ji9 


'L cdT 
T ' 


(333) 


Ti = absolute temperature of the liquid = + 460, 

q = heat of the liquid above 32 deg. fahr., B.t.u. per pound, 
c = specific heat of water at temperature T. 


Since c varies with the temperature according to a rather complex 
law, the integration in equation (333) does not reduce to a simple 
form. For example, Goodenough's equation for the range 32 — 212 
deg. fahr. assumes the form 


d = 2.3623 log T -h 0.0045775 log (t + 4) - 0.00022609 T 

+ 0.00000012867 - 6.28787. (334) 


If the value of the mean specific Cm, is known for the given tem- 
perature range equation (333) reduces to the simple form 

0 = C„log.A- (335) 


Values of 6 are found in all unabridged steam tables. 
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Entropy of Vaporization. — Since the temperature at which vapor- 
ization takes place is constant the change of entropy experienced by 
the fluid during vaporization is 

« = ' (336) 


If vaporization is incomplete as in case of wet steam 

xr 

xn = jn' 


(337) 


Entropy of Superheat — The entropy change during superheating 
may be expressed 




dT 

A T ’ 

temperature of the vapor. 


(338) 


If the value of the mean specific heat Cm for the temperature range 
Tv to Ta is known the integration of equation (338) reduces to the 
simple form 


T 

Tla ~ Cjn^loge * 


(339) 


Total Entropy of Saturated Steam. — The increase in entropy from 
liquid at 32 deg. fahr. to saturated vapor at temperature T is 


= n + 0 = ^ + (340) 

Total Entropy of Wet Steam. 

XT 

N^=xn + d = Y + (341) 

Total Entropy of Superheated Steam. 

N = n d = Cm logs ^ + 0. (342) 


Using Knoblauch and Jakob’s values for the specific heat of superheated 
steam, Goodenough gives the following rule for calculating the total 
entropy of superheated steam 


N, = 0.73683 log T, + 0.000126 T, - - f-- - 

_ C, p (l . + 0.0342 p) _ 0.08085. ^ 

log 04 = 10.69464. 


0.2535 log p 


(343) 


Tables 167 and 168 are abridged from Marks and Davis’ “Steam 
Tables and Diagrams. ” 
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451. MoUier Diagram. — Steam tables are often accompanied by 
graphical charts that may be used to great advantage in the solution of 
thermodynamic problems. Fig. 621 gives a skeleton outline of the total 
heat-entropy diagram and Fig. 622 a reduced copy of the complete 
chart. The first conception of the heat-entropy chart is due to Dr. R. 
Mollier of Dresden, hence the name, Mollier Diagram. 

Referring to Fig. 621 abscissas represent total entropy and ordinates 
represent B.t.u. per pound. Vertical lines then indicate constant en- 
tropy and horizontal lines constant heat content. PiPi and P 2 P 2 
represent lines of constant pressure and XiXi and X 2 X 2 lines of con- 
stant quality. Evidently any point in the chart represents a fixed 



Fig. 621 . Mollier Diagram — Skeleton Outline. 


condition of heat content, pressure, quality, and entropy as deter- 
mined by its location with respect to the different lines. Thus, point 
1 represents a pressure Pi as determined by the numerical value of 
line PiPi, quality Xi by its location on line XiXi, entropy Ni by its 
projection on the X axis and heat content Hi by its projection on the 
Y axis. 

In addition to the Mollier diagram the Marks and Davis tables 
include a total heat-pressure diagram which is of great assistance in 
the solution of problems involving ratios of expansion. 

The EUenwood Charts (John Wiley & Sons, Publishers) have a 
much wider field of application than the diagrams mentioned above 
and afford a simple and accurate means of solving practically all ther- 
modynamic problems involving the use of the properties of steam. 
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TABLE 168 . 

PROPERTIES OF SUPERHEATED STEAM. 

Reproduced by Permission from Marks and Davis’ “ Steam Tables and Diagrams.” 
(Copyright, 1909, by Longmans, Green & Co.) 


Pressure, 

Pounds 

Absolute. 

Satu- 

rated 

Steam. 

Degiees of Superheat. 

Pressure, 

Pounds 

Absolute. 

50 

100 

150 

200 

250 

300 


t 

162 3 

212.3 

262 3 

312 3 

362 3 

412 3 

462 3 



5 

V 

73.3 

79.7 

85 7 

91 8 

97.8 

103.8 

109 8 

V 

5 


h 

1130 5 

1153,5 

1176 4 

1199 5 

1222 5 

1245 6 

1268 7 

h 



t 

193 2 

243.2 

293 2 

343 2 

393 2 

443.2 

493 2 

t 


10 

0 

38 4 

41 5 

44.6 

47 7 

50.7 

53 7 

56.7 

V 

10 


h 

1143 1 

1166 3 

1189.5 

1212 7 

1236 0 

1259 3 

1282.5 

h 



t 

213.0 

263 0 

313 0 

363.0 

413.0 

463 0 

513 0 

t 


15 

V 

26.27 

28.40 

30.46 

32 50 

34.53 

36 56 

38.58 

V 

15 


h 

1150 7 

1174 2 

1197 6 

1221.0 

1244.4 

1267.7 

1291 1 

h 



t 

228.0 

278.0 

328.0 

378.0 

428.0 

478.0 

528 0 

t 


20 

V 

20.08 

21.69 

23.25 

24 80 

26.33 

27 . 85 ' 

29 37 

V 

20 


h 

1156 2 

1179 9 

1203 5 

1227 1 

1250 6 

1274.1 

1297 6 

h 



t 

240 1 

290.1 

340.1 

390.1 

440 1 

490.1 i 

540 1 

t 


25 

V 

16 30 

17 60 

18.86 

20.10 

21 32 

22 . 55 ' 

23.77 

V 

25 


h 

1160 4 

1184.4 

1208.2 

1231.9 

1255.6 

1279 2 

1302 8 

h 



t 

250.4 

300 4 

350.4 

400.4 

450.4 

500.4 1 

550.4 

t 


30 

V 

13.74 

14.83 

15.89 

16.93 

17.97 

18 99 

20 00 

V 

30 


h 

1163 9 

1188.1 

1212.1 

1236.0 

1259.7 

1283 4 

1307.1 

h 



t 

259 3 

309.3 

359 3 

409.3 

459.3 

509 3 

559.3 

t 


35 

V 

11 89 

12.85 

13 75 

14 65 

15.54 

16 42 | 

17.30 

V 

35 


h 

1166.8 

1191.3 

1215 4 

1239.4 

1263.3 

1287.1 ’ 

1310.8 

h 



t 

267 3 

317 3 

367.2 

417.3 

467.3 

517.3 

567.3 

t 


40 

V 

10.49 

11.33 

12.13 

12 93 

13.70 

14.48 

15 25 

V 

40 


h 

1169.4 

1194.0 

1218 4 

1242.4 

1266 4 

1290.3 

1314.1 

h 



t 

274 5 

324.5 

374 5 

424.5 

474 5 

524 5 

574.5 

t 


45 

V 

9.39 

10 14 

10.86 

11.57 

12.27 

12.96 

13.65 

V 

45 


h 

1171.6 

1196.6 

1221 0 

1245 2 

1269 3 

1293 2 

1317.0 

h 



t 

281.0 

331.0 

381.0 

431.0 

481 0 

531.0 

581.0 

t 


50 

V 

8.51 

9.19 

9.84 

10.48 

11.11 

11 74 

12.36 

V 

50 


h 

1173,6 

1198.8 

1223.4 

1247.7 

1271.8 

1295.8 

1319.7 

h 



t 

287.1 

337.1 

387.1 

437.1 

487 1 

537.1 1 

587.1 

t 


55 

V 

7.78 

8.40 

9 00 

9.59 

10.16 

10 73 

11.30 

V ' 

55 


h 

1175.4 

1200 8 

1225 6 

1250 0 

1274 2 

1298 1 

1322.0 

h 



t 

292.7 

342.7 

392 7 

442.7 

492 7 

542 7 

592.7 

t 


60 

V 

7.17 

7.75 

8 30 

8.84 

9.36 

9.89 

10.41 

V 

60 


h 

1177.0 

1202.6 

1227.6 

1252 1 

1276.4 

1300 4 

1324 3 

h 



t 

298.0 

348 0 

398.0 

448.0 

498.0 

548 0 

598.0 

t 


65 

V 

6.65 

7 20 

7 70 

8 20 

8 69 

9 17 

9 65 

V 

65 


h 

1178.5 

1204.4 

1229 5 

1254 0 

1278.4 

1302 4 

1326 4 

h 



t 

302.9 

352.9 

402 9 

452.9 

502.9 

552.9 

602.9 

t 


70 

V 

6.20 

6.71 

7.18 

7.65 

8.11 

8.56 

9.01 

V 

70 


h 

1179.8 

1205.9 

1231.2 

1255.8 

1280.2 

1304.3 

1328.3 

h \ 



t 

307.6 

357.6 

407.6 

457.6 

507.6 

557.6 

607.6 

t 


75 

V 

5.81 

6.28 

6.73 

7 17 

7.60 

8 02 

8.44 

V 

75 


h 

1181.1 

1207.5 

1232 8 

1257.5 

1282.0 

1306.1 

1330.1 

h 



t 

312.0 

362.0 

412.0 

462.0 

512.0 

562.0 

612.0 

t 


80 

V 

5.47 

5.92 

6.34 

6.75 

7.17 

7.56 

7.95 

V 

80 


h 

1182.3 

1208.8 

1234.3 

1259.0 

1283.6 

1307.8 

1331.9 

h 



t 

316.3 

366.3 

416.3 

466 3 

516.3 

566.3 

616.3 

t 


85 

V 

5.16 

5.59 

6.99 

6.38 

6.76 

7.14 

7.51 

V 

85 


h 

1183.4 

1210.2 

1235.8 

1260.6 

1285.2 

1309.4 

1333.5 

h 



t = Temperature, deg. fahr. 

V — Specific volume, in cubic feet, per pound. 
h = Total heat from water at Z2 degrees, B.t.u. 
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TABLE 168 . — Contimted. 


Pressure, 

Pounds 

Absolute. 

Satu- 

rated 

Steam. 

Degrees of Superheat. 

Pressure, 

Pounds 

Absolute. 

50 

100 

150 

200 

250 

300 


t 

320 3 

370 3 

420 3 

470 3 

520.3 

570 3 

620 3 

t 


90 

V 

4 89 

5 29 

5 67 

6 04 

6 40 

6 76 

7 11 

V 

90 


h 

1184.4 

1211 4 

1237 2 

1262 0 

1286 6 

1310 8 

1334 9 

h 



t 

324 1 

374.1 

424 1 

474.1 

524 1 

574 1 

624.1 

t 


95 

V 

4.65 

5 03 

5 39 

5.74 

6 09 

6 43 

6 76 

V 

95 


h 

1185 4 

1212.6 

1238 4 

1263.4 

1288.1 

1312 3 

1336 4 i 

h 



t 

327.8 

377 8 

427 8 

477.8 

527.8 

577 8 

627 8 i 

t 


100 

V 

4 43 

4 79 

5 14 

5.47 

5 80 

6 12 

6 44 

V 

'100 


h 

1186.3 

1213 8 

1239 7 

1264.7 

1289.4 

1313.6 

1337.8 

h 



t 

331 4 

381.4 

431.4 

481.4 

531 4 

581 4 

631.4 

t 


105 

V 

4 23 

4 58 

4 91 

5.23 

5.54 

5.85 

6.15 

V 

105 


h 

1187.2 

1214.9 

1240 8 

1265.9 

1290.6 

1314 9 

1339.1 

h 



t 

334.8 

384 8 

434 8 

484.8 

534 8 

584 8 

634.8 

t 


no 

V 

4 05 

4.38 

4 70 

5.01 

5 31 

5.61 

5.90 

V 

no 


h 

1188.0 

1215 9 

1242 0 

1267.1 

1291.9 

1316 2 

1340.4 

h 



t 

338 1 

388 1 

438 1 

488.1 

538 1 

588.1 

638.1 

t 


115 

V 

3.88 

4.20 

4.51 

4.81 

5.09 

5.38 

6.66 

V 

115 


h 

1188.8 

1216.9 

1243 1 

1268.2 

1293.0 

1317 3 

1341.5 

h 



t 

341 3 

391.3 

441 3 

491.3 

541.3 

591 3 

641.3 

t 


120 

V 

3 73 

4.04 

4.33 

4.62 

4 89 

5 17 

5.44 

V 

120 


h 

1189 6 

1217.9 

1244 1 

1269.3 

1294 1 

1318 4 

11342.7 

h 



t 

344.4 

394.4 

444.4 

494.4 

544 4 

594.4 

644.4 

t 


125 

V 

3 58 

3. 88 

4.17 

4.45 

4.71 

4.97 

5.23 

V 

125 


h 

1190.3 

1218.8 

1245.1 

1270.4 

1295.2 

1319.5 

1343.8 

h 



t 

347,4 

397.4 

447.4 

497.4 

547.4 

597.4 

647.4 

t 


130 

V 

3 45 

3 74 

4 02 

4.28 

4.54 

4.80 

5 05 

V 

130 


h 

1191 0 

1219 7 

1246.1 

1271.4 

1296.2 

1320 6 

1344.9 

h 



t 

350 3 

400.3 

450.3 

500.3 

550.3 

600 3 

650.3 

t 


135 

V 

3.33 

3.61 

3.88 

4.14 

i 4.38 

4 63 

4.87 

V 

135 


h 

1191 6 

1220 6 

1247.0 

1272.3 

1297 2 

1321 6 

1345 9 

h 



t 

353 1 

403 1 

453,1 

503.1 

553.1 

603.1 

653.1 

t 


140 

V 

3.22 

3 49 

3.75 

4.00 

4 24 

4.48 

4 71 

V 

140 


h 

1192.2 

1221 4 

1248 0 

1273.3 

1298 2 

1322 6 

1346 9 

h 



i 

355.8 

405 8 

455.8 

505.8 

555.8 

605.8 

655.8 

t 


145 

V 

3.12 

3 38 

3.63 

3.87 

4.10 

4.33 

4.56 

V 

145 


h 

1192.8 

1222.2 

1248.8 

1274 2 

1299.1 

1323.6 

1347.9 

h 



t 

358.5 

408 5 

458.5 

508.5 

558.5 

608.5 

658 5 

t 


150 

V 

1 3.01 

3 27 

3.51 

3.75 

3.97 

4,19 

4.41 

V 

150 


h 

1193 4 

1223.0 

1249.6 

1275.1 

1300.0 

1324.5 

1348.8 

h 



t 

361 0 

411.0 

461.0 

511.0 

561.0 

611.0 

661.0 

t 


155 

V 

2.92 

3 17 

3.41 

3 63 

3.85 

4.06 

4 28 

V 

155 


k 

1194.0 

1223 6 

1250.5 

1276 0 

1300.8 

1325.3 

1349.7 

h 



t 

363 6 

413.6 

463.6 

513.6 

563.6 

613.6 

663.6 

t 


160 

V 

2 83 

3.07 

3.30 

3.53 

3.74 

3.95 

4.15 

V 

160 


h 

1194 5 

1224.5 

1251.3 

1276 8 

1301.7 

1326.2 

1350.6 

h 



t 

366.0 

416 0 

466.0 

516 0 

666 0 

616.0 

666.0 

t 


165 

V 

2.75 

2.99 

3.21 

3.43 

3.64 

3.84 

4 04 

V 

165 


k 

1195.0 

1225.2 

1252.0 

1277.6 

1302.5 

1327 1 

1351.5 

h 



t 

368 5 

418.5 

468.5 

518 5 

568.5 

618.5 

668.5 

t 


170 

V 

2.68 

2 91 

3.12 

3.34 

3.54 

3.73 

3 92 

V 

170 


h 

1195.4 

1225 9 

1252.8 

1278.4 

1303.3 

1327.9 

1352.3 

h 



t = Temperature, deg. fahr. 

V = Specific volume, in cubic feet, per pound. 

Ji = Total heat from water at 32 degrees, B.t.u. 
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TABLE 168 . — Continued. 


Pressure, 

Pounds 

Absolute. 

Satu- 

rated 

Steam. 

Degrees of Superheat. 

Pressure, 

Pounds 

Absolute. 

50 

100 

150 

200 

I 

250 

300 


t 

370 8 

420 8 

470.8 

520.8 

570.8 

620.8 

670 8 

t 


175 

V 

2.60 

2.83 

3.04 

3 24 

3.44 

3.63 

3.82 

V 

175 


h 

1195 9 

1226 6 

1253.6 

1279 1 

1304.1 

1328.7 

1353.2 

h 



t 

373.1 

423 1 

473 1 

523.1 

573.1 

623.1 

673.1 

t 


180 

V 

2.53 

2.75 

2 96 

3 16 

3.35 

3.54 

3 72 

V 

180 


h 

1196 4 

1227.2 

1254 3 

1279.9 

1304.8 

1329.5 

1353 9 

h 



t 

375.4 

425.4 

475.4 

525 4 

575.4 

625.4 

675.4 

1 


185 

V 

2 47 

2.68 

2.89 

3.08 

3 27 

3.45 

3 63 

V 

185 


h 

1196 8 

1227.9 

1255.0 

1280.6 

1305.6 

1330.2 

1354.7 

h 



t 

377 6 

427 6 

477.6 

527.6 

577.6 

627.6 

677 6 

t 


190 

V 

2 41 

2.62 

2.81 

3.00 

3 19 

3.37 

3.55 

V 

190 


h 

1197 3 

1228.6 

1255.7 

1281.3 

1306.3 

1330.9 

1355.5 

h 



t 

379.8 

429.8 

479.8 

529 8 

579.8 

629.8 

679.8 

t 


195 

V 

2 35 

2.55 

2.75 

2.93 

3.11 

3.29 

3 46 

V 

195 


h 

1197.7 

1229.2 

1256.4 

1282.0 

1307.0 

1331.6 

1356.2 

h 



t 

381 9 

431.9 

481.9 

531.9 

581.9 

631.9 

681.9 

t 


200 

V 

2.29 

2.49 

2.68 

2.86 

3 04 

3.21 

3.38 

V 

200 


h 

1198.1 

1229 8 

1257.1 

1282.6 

1307 7 

1332.4 

1357.0 

h 



t 

384 0 

434.0 

484.0 

534.0 

584.0 

634.0 

684.0 

t 


205 

V 

2.24 

2.44 

2.62 

2.80 

2.97 

3.14 

3.30 

V 

205 


h 

1198 5 

1230.4 

1257 7 

1283.3 

1308.3 

1333.0 

1357.7 

h 



t 

386.0 

436.0 

486.0 

536.0 

586.0 

636.0 

686.0 

t 


210 

V 

2 19 

2.38 

2.56 

2 74 

2.91 

3.07 

3.23 

V 

210 


h 

1198.8 

1231.0 

1258 4 

1284.0 

1309.0 

1333 7 

1358.4 

h 



t 

388 0 

438.0 

488 0 

538.0 

588.0 

638 0 

688.0 

t 


215 

V 

2.14 

2.33 

2 51 

2.68 

2 84 

3.00 

3.16 

V 

215 


h 

1199 2 

1231.6 

1259.0 

1284.6 

1309.7 

1334.4 

1359.1 

h 



t 

389 9 

439.9 

489.9 

539.9 

589.9 

639.9 

689.9 

t 


220 

V 

2 09 

2.28 

2.45 

2.62 

2 78 

2.94 

3 10 

V 

220 


h 

1199.6 

1232.2 

1259.6 

1285.2 

1310.3 

1335.1 

1359.8 

h 



t 

391.9 

441.9 

491.9 

541.9 

591.9 

641.9 

691 9 

t 


225 

V 

2 05 

2.23 

2.40 

2.57 

2.72 

2.88 

3 03 

V 

225 


h 

1199 9 

1232.7 

1260.2 

1285.9 

1310.9 

1335.7 

1360.3 

h 



t 

393.8 

443.8 

493.8 

543.8 

593.8 

643.8 

693.8 

t 


230 

V 

2.00 

2.18 

2.35 

2.51 

2 67 

2.82 

2.97 

V 

230 


h 

1200.2 

1233.2 

1260.7 

1286.5 

1311.6 

1336.3 

1361.0 

h 



t 

395.6 

445.6 

495.6 

545.6 

595.6 

645.6 

695.6 

t 


235 

V 

1.96 

2.14 

2 30 

2.46 

2.62 

2.77 

2.91 

V 

235 


h 

1200.6 

1233.8 

1261.4 

1287.1 

1312.2 

1337.0 

1361.7 

h 



t 

397.4 

447.4 

497.4 

547.4 

1 597.4 

647.4 

697.4 

t 


240 

V 

1.92 

2.09 

2.26 

2.42 

2.57 

2 71 

2.85 

V 

240 


h 

1200.9 

1234.3 

1261 9 

1287.6 

1312.8 

1337.6 

1362.3 

h 



t 

399.3 

449.3 

499.3 

549.3 

599.3 

649.3 

699.3 

t 


245 

V 

1.89 

2.05 

2 22 

2 37 

2.52 

2.66 

2.80 

V 

245 


h 

1201.2 

1234.8 

1262.5 

1288.2 

1313.3 

1338.2 

1362.9 

h 



t 

401.0 

451.0 

501.0 

551.0 

601.0 

651.0 

701.0 

t 


250 

V 

1.85 

2.02 

2 17 

2.33 

2.47 

2.61 

2.75 

V 

250 


h 

1201.5 

1235.4 

1263.0 

1288.8 

1313.9 

1338.8 

1363.5 1 

h 



t 

402.8 

452.8 

502.8 

552.8 

602 8 

652.8 

702.8 

t 


255 

V 

1.81 

1.98 

2 14 

2.28 

2.43 

2.56 

2.70 

V 

255 


h 

1201.8 

1235.9 

1263.6 

1289.3 

1314.5 

1339.3 

1364.1 

h 



t — Temperature, deg. fahr. 

V = Specific volume, in cubic feet, per pound. 
h = Total heat from water at 32 degrees, B.t.u. 



CHAPTER XXIII — Supplementary 

ELEMENTARY THERMODYNAMICS — CHANGE OF STATE 


452. General. — The laws governing the transformation of steam 
from one state to another form the basis of practically all thermodynamic 
analyses of the steam engine and turbine. The more common and 
important changes are 

(1) Isobaric or equal pressure. 

(2) Isovolumic or equal volume. 

(3) Isothermal or equal temperature. 

(4) Constant heat content. 

(5) Adiabatic or no external heat exchange. 

(6) Polytropic. 

453. Isobaric or Equal Pressure Change. Saturated Vapor. — Since 
the temperature of wet or saturated steam is dependent on the pres- 
sures only, a constant pressure change of such material must also be a 
constant temperature one. Denoting the initial and final properties 
by subscripts 1 and 2 respectively: 

Initial volume Vi = XiSi + (1 — <ri = XiUi -f- ai. (344) 

Final volume V 2 — X 2 S 1 + (1 —X 2 ) cn = X 2 U 1 + ai. (345) 

Change of volume V 2 — vi = Ui (x 2 — xi). (346) 

External work W — Pi {v 2 — vi) — PiUi {x 2 — Xi). (347) 


Change of energy == -^ (xs — xi). (348) 

Heat absorbed = fi (x 2 — a;i). (349) 


Notations: 

A = p = lb. per sq. in. abs. 

P — lb. per sq. ft. abs. x = quality 
of wet steam. 

s =* specific volume of dry steam, 
lb. per cu. ft. 

V = specific volume of vapor, lb. 
per cu. ft. 

or = specific volume of water, lb. 
per cu. ft. 

u = increase in volume during 
evaporation, cu. ft. 

t ~ deg. fahr. above zero. T = 
deg. fahr. abs. 

Cm = mean specific heat of water. 

C = mean specific heat of super- 
heated steam. 


H = heat content above 32 deg. fahr., 
B.t.u. per lb. 

X = total heat of dry steam, B.t.u. per 
lb. 

r — latent heat of vaporization, B.t.u. 
per lb. 

p = internal latent heat, B.t.u. per 
lb. 

q = heat of liquid, B.t.u. per lb. 

6 — entropy of the liquid. 

n = entropy of the vapor. 

N = total entropy. 

Prime marks indicate superheat. 

Subscripts 1, 2^ w, s indicate, respec- 
tively, initial condition, final condi- 
tion, wet steam, and superheated 
steam. 


960 
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Exam.'ph 77. At a pressure of 115 lb. per sq. in. absolute the vol- 
unio of one ])oui\(l of vapor and liquid is increased 1 cu. ft. Required 
Iilu'. cJiaiigo of quality, external work, increase of energy and heat ab- 
solved. 

From steam tables ,si = 3.88; gi = 0.0179; pi — 797.9; n = 879.8. 

CJluM.se of quality = x. - = 0.259. 

]Cxt(U’nal work == Pi — Vi) == 144 X 115 X 1 = 10,560 ft. lb.. 

(Change of energy = ^ (a ;2 — Xi) = 797.9 X 778 X 0.259 
= 160,778 ft. lb. 

nea,t absorbed - r, - Xi) = 879.8 X 0.259 == 227.79 B.t.u. 

P>u, per heated hilmni, — hoi su])erheated steam (Vangc state at con- 
sta,nti pr(^ssur(‘. p{ from an initial kunperaturc to a final temperature t 2 . 

( 'lumg(^ of volume — 'V 2 — "rhe values of // (corresponding to 
pr(^ssur(c pi im\ Uauperaiuncs tx and k niay be l.aken directly from 
st(ca.m tabUcs or tlu^y may be (cahailatcMl from e(|uatiou (308). They 
may be approximaUed from (Hpiations (311) and (312). 

Fxii('rnaJ work P\ (v^/ — a/)- (350) 

(diange of (energy -- - Pia/j • (351) 

(5.52) 

n(ia,t!il)W)rl>(>(l - //./ - (555) 

(lliauK<' of ('utropy ■■ N-/ — AC/. (5.54) 

Mxample 78. Usinfi; thu <la(.a in l.lu* prumliiiK (wauiplci (Icticrininc tho 
vtM'iouH if tho initial dc'groo of Huporluiat is iOO <l(!g. falir. 

I'Voiu ,siip("rlu(!i.to<I (.aiilos for /q - 115 and t\ 4:58.1 (== ,5.58.1 

I- 100) w(' lind: o,' ■ 4..51; /// = 1245.1; /V/ - 1.0.549. 

f'of /;■! 7 )| •'= IIT) iuid ('•/ -= (4.51 + 1) 5.5f wo lind by iul,crpola- 

tion //./ 1528.5; AC/ 1.7419; /./ - ()21.5. 

luoroaw^ of sup(>rli('nt /./ — l\ 

• 02 1.:? - 4;i8.1 185.2 (log. falir. 

ICxfnrnal work ■ /A (/’/■- (>/) 

144 X 115 X t 10, .500 ft. 11). 

, r W - /A' nr, 

liioroiiHo ol (‘U(‘i'g.V ■ j ■“ / 1 f^’a — I'l ) 

■ (i:{28.5 ™ 1245.1)778 - I«,5(i0 
49,881 fl,. 11). 

Inmuist'of ontropy ‘ ■ Ni' ~~ AC./ 

1.7419 - l.rt.549 = 0.087. 

Uoat !it)KorlK*d /// - 11/ 

r,. 1.52K.5 - 124:4.1 « 85.4 B.t.u. 
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454. IsovolUHiic or E<iual Volume Change. Saturated Steam. — Since 
the volumes and 6*2 are equal 

Si = S 2 or XiUi + <Ti = X 2 U 2 + ( 72 . (355) 

External work = 0. (35()) 

Heat absorbed = Xipi + qi — (X 2 P 2 + < 22 ). (357) 

Example 79. A pound of mixture of vapor and liquid at 115 11 ). per 
sq. in. absolute and quality 0.9 is cooled at constant volume to a pres- 
sure of 1 lb. per sq. in. absolute. Required the various properti(\s 
at the final condition and the heat taken from the mixture. 

From steam tables: 

Pi - 115, 6 ‘i = 3.88, (ft = 0.0179, 
pi = 797.9,^1 = 309, ni - 1.103, = 0.4877, 

p, = - 333, <r 2 - 0.0161, P 2 = 972.9, 

q2 = 69.8, ^2 - 1.8427, 6. = 0.1327, 

t XPh + 0*1 - (To 

Final quality X 2 = 

V 2 

0.9(3.88 - 0.0179) + 0.0179 - O.OKU 
333 - O.OKil 

- 0.0105. 

Heat removed = Xipi + qi — + q^) 

0.9 X 797.9 + 309 - (0.0105 X 972.9 + 1)9.8) 
== 917 B.i.u. 

Initial entropy Ni = xmi + 0\ 

^ 0.9 X 1.103 + 0.4877 1.1804. 

Final entropy + th 

- 0.0105 X 1.8427 + 0.1327 0.1520. 


Superheated Steam. — Hinm tlu^ final volume is eciual to tin' initial, 
and both pressures and the initial t(atip<n*atur(^ are known, th<^ final 
tempera.turo may be calfailated from (Hjuation (308) or it may \)e takcm 
directly or interpolat^ed from the siicaun tabh^s. 


Example 80, ^ Using the data in the prec^-ialing probhan dihenniru^ the 
various factors if th<^ initial d(^gree of superheat is 100 <l('g. fnhr. 

Froin steam tables for pi ra 115 and /j 338.1 d" HMl ’ 438.1 we 
(ind:^ ?;/ « 4.51, /// « 1243.1, W/ - 1,6549, 
a for 1 11). per s(|. in. absolute pn^ssure - 333 cu, ft, but the giveti 
volume is 4.51 cu, ft, TIuuvfore tlie sh^am is wet at tlu^ final condition. 
From steam tablets for p 2 - 1 we find: 


P2 972.9, (/2 69.8, 


L8427, 0J327. 


Hiuc(‘. tfi<». voluuK^s are ecjual 

a/ .5 Co 


Final quality 


tWh 'f ^2* 

4.51 O.Olfil 
333 -O.OKH 


0,0135. 
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Hccitj icmovGcl — ti-i — A-P ■“ (x^p^ ^ 2 ) 

1 44 y 1 1 p; 

= 1243.1 X 4.51 - (0.0135 X 972.9 + 69.8) 

= 1065 B.t.u. 

Imtial entropy (from steam tables) Ni = 1.6549. 

Final entropy N 2 = X 2 n 2 + 62 

= 0.0135 X 1.8427 + 0.1327 = 0.1575. 

455. Isothermal or Equal Temperature Change. Saturated Vapor , — 
Hince ilu^ temperature of wet or saturated steam is dependent solely upon 
tlie pn^ssuHi, an isothermal change is also isobaric, and the data in 
paragnipli (458) is applicable to this change. 

Superheated Stea/rn. — The properties at initial and final conditions 
may (ialculated from equations of the properties of superheated 
stiea.m or they may be taken directly from steam tables or charts. If 
wc4^ or sa.turat(Hl st(‘.am (expands isothermally into the superheated state 
tlu". pr(‘.ssur(^ musii drop in order to maintain constant temperature. 
Thi) r(»ja.tiou b(4*w('.en pr(^.ssure, volumci, and temperature for the super- 
h(mt(Ml sl^ate is givcui in (upiation (308). 

Example 81. (hie pound of steam at initial pressure 115 lb. per sq. 
in. aliHolute and supculieat 100 deg. fahr. is expanded isothermally 
1.0 a pix'SHure of 1 lb, piu* h(|. in. absolute, llequired the various proper- 
iioH at t.he final ptx'sssure, tlie h(ui.t absorbed during expansion and the 
('xl.<aiinl work dom^. 

From HU[Ka*heate(l steam (ables for p\ = 115 and fi' = 338.1 + 100 

438.1 we find: a/ 4.51, /// - 1243.1, Ni' « 1.6549. 

fidr p 2 1 and (./ 438.1, V 2 ^ - 535, Ih' - 1258,3, iV/ = 2.1888. 

Final <|uality t% k « 438.1 ■— 101.8 « 336.3 dt^g. superheat. 

Heat a<lded during expansion - 7V(M/ — iV'iO- 

= 898 (2,1888 - 1.6541) 

1378 B.t.u. 

(Nok^ that, ihc’( heat adde<l is not (xpial to th<^ (lifference in total 
heats simu* thc^ isothermal is not a eonsi^ant pressure line.) 

/*2 

KxU^nial work =* P dv. (358) 

Situn^ flw, tit'miM'i’Httiri'. ih (^oiirtlanli dn may be. obtaitwid by dilT(«'(iH- 
(.ifdiiiK (‘(Illation (308). HuiwI.iiutiuK Uiin valuo of dn in liquation (358) 
and iut,cnralin(c wo iuw*, ^ 

bkUirnal work 85.03 log. T, ■+■ 2,-10 (/i,^ --- p/'j (351)) 

™ 8.5,03 Iog<,KU8 *|'- + 2.‘10 (ll5^ - l^) 

■■yr .308, (KK) ft. lb. (approx.) 

(logC 10.8250.) 
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456. CoEstant Heat CoEtent. — Expansion from one pressure to a 
lower one with constant heat content is exemplified in throttling or 
wire drawing. The energy utilized in imparting velocity to th(^ fluid 
is all returned to the fluid at the lower pressure when the velocity is 
brought to zero and there are no radiation losses. 

For steam wet throughout expansion 

+ gi = 0^2 ^2 + ^2* (360) 

For steam initially wet but dry at the lower pressure 

Xin + qi = X 2 . (3t>n 

For steam initially wet but su])erlKuit(Hl at the lower pressure, 

+ qi = Xo + (W - //2'. (362) 

For steam initially dry 

Xt - X2 + = B/. (3(‘>3) 

For steam initially supeiiu^ated 

IL/, (36-i) 

Loss of available energy diu^ to throl-tling or wiro drawing 

Loss ILt.u. i)er lb. - 7\, {W 2 - Ni). (3(i5) 

Example 82. One ])ound of steam ai- an inilia, 1 ])ressur(^ of 115 lb 
per sq. in. absolute is expa,nded through a throttlitig (‘a-lorinuicu’ lo 
a pressure of 16 lb. f)er sep in. absohih^. If iho t.iunpc'ratun* of tlu‘ 

steam a»t the lower ])r(mir(^ is 25().3 d<^g, fa, hr. r(M|uinHl llu'. initial 

quality of th(', sloam. 

From sainrattMl steam liable, s: 

/a = 1 15/ri 879.8,^/, - ^ 309» 1.5907. 

From superlu^ated steam, tallies for 16 and i*/ - 256.3 we find: 

7 / 2 = 1170.8, L7765, <^2 (sab) 216.3, 

+ qi — Ilti 

879.8 :r, + 309 1170.8, x, 0.98. 

Mollier (liagraan anaJysls, Pig. 622. l^'roin interHiH‘.tion {Hinslimf, 
supcrhea,t line 40 («* 25(5.3 — 216.3) and (‘onstant pnwiire line 
P ‘2 = 16 tracer horizon taily to constant pnsssure rnu^ pt 115 am! read 

from its inl.ers<M44on with the constant (luaiity line, j\ 0.98. 

DcHux^asc' of available <aiergy -- 7\ (Ws N]) (3ti6) 

(216.3 L 460) (L7765 ^ 1.5907) 

• 125.6 B.t.m 

457. Acllahatic Cmaiigc of State. * Hince in an adialmtie cliiiiigc* t4iere 
is no lu^nt, added to nr abstra(4*e<l from the Ihikl the entwipy remains 
eonsfnnk 
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Steam wet throughout change of state 

Ni = N2. 

XiUx + 01 = oihn% + 02 . 


^ + 01 =^ + 02 . 


(366a) 

(367) 

(368) 


For water only x = 0; for dry steam x = 1. 

StiOam initially Hupcrhenh<Ml but finally wet 

Nx' = N-x. (369) 

iVi + M, = Xirii + 02. (370) 


Steam Hup(',rlioa1,ed (liroughout change of state 

Nx^ = N^', (371) 

N\ H- '/).» = N'i + n„(x£)i (372) 

+ 01 + Cm logfl ^ ^ + 02 + + 02- (373) 


Final QualUy. Halurakd Himm. — This quantity may be calculated 
(liriMitly from (^(lualiions (366a) and (367). 


Xa 


AT, -02 


«■> 


+ 0 i - 02) rr 
I \ /it 


(374) 

(375) 


If water only is preseiil, at the beginning of expansion substitute 
jVi ' 0i in ('<pm.tion (374). 

h'or initial (piiiJitic'S of x, = 0.50 (approx.) or greater the final 
(piality Xa decreases as (.he expansion progresses, and for initial (pnili- 
(.icH of .0 = 0,50 Oipprox.) or kws Owi final (lualiliy increases. For 
initiiil (pudity Xi -= 0.50 the final ciuidity % remains practic-ally 

^riu^ final vnlintu^ may hc' {‘alculai<Ml an fnllown: 

Wet st(!am, n-i ■ x»«a d' xa, (370) 

x.^as calculated from (xiuatioua (.3(>7) and (370), 

Dry sl.eam, v«, « 2 . (377) 

S it h'or supt'rluait at the (rnd of <ixpansion trh(, 
ealcuhdions iuvtilved in eciuation (373) are too cumbersonxs and un- 
wieldy and th(^ Moiru'r dingnun may be used l,o advantage;. 

VoUimr Chanyi'. ■ Superh(iai(‘<l steam: the final volume vt may b(i 
ealeultded from (‘(luation Ci) by substituting for p tlus final pnissure, 
aiul fetr T, (he final t<nnperat,ure as calculal;(Ml from eeiuation (373). 
T'h(; final volunu*, liowever, may be (.akim directly from (.he prcssurc- 
(•nf.nipy eluirt. 
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External Work. — Since the heat added or subtracted is zero, the 
external work is equal to the change of intrinsic energy, or in general 

Tf = j {{H, - APiVr) - - AP,v,)]- (378) 

Steam initially wet 

W = J [(x,p^ + ft) - (Z,p, + ft)]. (379) 

Steam initially dry, substitute Xi = 1. 

Steam initially superheated but wot at end of cxj^ansion 

W = J [{Hi' - APW) - (X,p, + ft)|. (380) 

Steam initially superheated bui. dry at end of (‘.xpausion subsi.itiute 

X2 = 1. 

Steam superheatcxl throu^bout expansion 

W = J [(/// - APiftO - (//./ - AIW)\. (381) 

Heat Absorbed = IP — ll-i. 

Steam initially wc(, 

Jh - n, = (;r,r, + </,) - (.r,.r. d- ft). (382) 

X‘< as (uilculatcd fnan ('(jualiun (37-1). 

Steam initially dry, .substituU^ Xi 1. 

Steam initially superheated hut w('l. at (‘iid of (expansion 

/// - //,, - /// - (Jsr,> f ft), (383) 

Steam superlu'ated throughout (>x[)a.MHi<)ti, h<‘at lUKsorlusl 

//,' ■ //./. (381) 


Example 83. One pouiul of si('a,m at initial prt'ssun' ll.o [Mtunds p<>r 
H((uar(^ inch ahsoluht and aup(u’lu>at KK) deg. fahr. (“xpands ndiahnli- 
cally to 1 pound per s(iuar(' inch alwolub'. Ke((Uir{‘<l the various 
(juani;itie.s at tlu^ final condition. 

From superheated steam (ahles for pi ■■ ■ lift and t\' ■138.1 

(338.1 + KM)) W(* find: /// 12'13, r,' - -1.31, Nt' - l.Or.lO. 

From sal, mated steam ta,hles: jh L « 333, ft fiO.K, //„ , 

llO'ld, r. = 1{)3-1.(;, pa := <)72.<), «a 1.8427, ft - 0.1327, «a ■•0.01(5. 

Final ciuality: k. A I ” 


L(lf)4() ~ 0.1327 
■■■ '1.8-I27 


0.82(5. 
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Mollier diagram analysis, Fig. 622: Trace the intersection of pi = 115 
and h' = 438.1 vertically downward (constant entropy) to the line 
P 2 = 1 and read 0.826 at the intersection of this line with the constant 
quality line (interpolated in this case). 

Final volume: V 2 = + 0*2 

= 0.826 X 333 + 0.016 
= 275 cubic feet. 

(This quantity may be taken directly from the total heat pressure 
diagram.) 

External work: IF = j [(H/ — APiVi) — {x 2 f )2 + ^ 2 )], 

= 778 [(1243.1 - -■^^^4.51) - (0.826 X 972.9 + 69.8)]- 
77o 

= 213,938 foot pounds. 

ITcuiti absorbed from the Iluid 
//i - (xs^a + <73) 

- 1243.1 - (0.826 X 1034.6 + 69.8) = 318.8 B.t.u. 

Mollier diagram, Fig. 622: Project the intersection of pi — 115 and 
// 438.1 upon lihe Y axis an<l read /// = 1243. Similarly the pro- 

jection of the intersection of 7)2 = 1 and X 2 = 0.826 gives Hz = 924.3, 
;// - = 1243 - 924.3 = 318.7 Ibt.u. 

4JJH. I’clytroplc (Ihangc of Stale. -- A general law for the expansion of 
any vapor (wet, dry, or sup('.rheated) is 


pv^'' constant, 

(385) 

PlVi^ = 

1 

(386) 

,„ = p,(j;2)”. 

(387) 


By giving n specfinl vidinis we^ are able: to obtain the various changes 
<»r staler for coimtanl, volume, constant pressure, isothermal and 
adialiatic, 

Th(‘. work done by expansion for all values of n, except -a = 1, may bo 
<‘,Kpress(‘d 

/•* 

W \ /’</»* 


( 388 ) 
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Saturated Stea7n, — Since wet or saturated steam there can be 
no change of pressure without a change of temperature the value of 
n t\ill vary with ever}" change of state and for this reason the use of 
equations (385) and (388) are more troublesome than the preceding 
thermal analysis. An exception is that of ''saturated expansion’' in 
w’hich steam remains saturated throughout change of state. A study 
of the actual volume occupied by a pound of diy steam at various pres- 
sures will show that n has an approximately constant value of 1.0646 or, 

= constant, (392) 

u = s — (T. (Except for high pressures the 
influence of a is negligible and 
u = s may be safely assumed.) 

This condition of constant saturation during expansion seldom occurs 
in steam engine practice but equation (392) offers the only simple 
solution of problems involving wmrk done by such a change of state. 


Example 84. One pound of steam at an initial pressure of 115 
pounds per square inch absolute expands to a pressure of 2 pounds 
absolute and maintains a saturated condition throughout expansion. 
Required the final volume and the work done during expansion. 

From equations (386) and (392) 



This value checks with that obtained 
from steam tables. 


Work done 


n — 1 

144 (115 X 3.862 - 2 X 173.6) 
1.0646 - 1 


216,000. 


Wet Steam. Actual Expansion. — The values of n for the expansion 
and compression curves of indicator diagrams from actual engines are 
subject to a wdde variation. A study of several types and sizes of 
engines by J. Paul Claydon* gave values of n varying from 0.7 for wet 
steam to 1.34 for highly superheated steam. The average value of n 
is, however, not far from 1. That n = 1 for isothermal gas expansion 
and the average actual steam cylinder expansion is a mere coincidence 
and does not signify that the expansion in the latter is isothermal. 
See Conventional Diagram, par. 464. 

* University of lUinois Bulletin, Vol. 9, No. 26, 1915. 
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Example, — One pound of saturated steam at an initial pressure of 
115 pounds per square inch absolute expands so that its volume lias 
been increased 5 times. Required the work done during expansion.* 

Tr= 

Vi 

- 144 X 115 X 3.88Ioge-f, 

= 103,200 foot pounds. 

Wet Steam. Adiabatic Expansion. — The ease with which prob- 
lems involving adiabatic expansion of vapor or moderately superheated 
steam can be solved by exact thermal analysis precludes the use of 
the more troublesome pohdropic expansion law. A number of at- 
tempts have been made to derive laws which will give the value of n 
for adiabatic expansion of saturated or wet steam but their accuracy 
is limited to a comparatively narrow range of pressures and quality. 
A rule formulated by H. E. Stone j and often used in this connection is: 

n = 1.059 - 0.000315 p + (0.0706 + 0.000376 p) x. (393) 

Example 85. One pound of steam expands adiabatically from an 
initial pressure of 115 pounds per square inch and quality 0.9 to a 
pressure of 1 pound absolute. Required the final volume and the 
work done during expansion by exact thermal methods and by the 
polytropic law using equation (393) for determining the value of n. 

From steam tables : 

Pi = 115, qi = 309, Pi = 797.9, di = 0.4877, ni = 1.103, = 3.880, 

= 1, g2 = 69.8, P2 = 972.9, 62 = 0.1327, n2 == 1.9754, V2 == 333. 

Exact thermal methods: 

X\Ui + 61 — 62 

Xi = 

ni 

0.9 X 1.103 + 0.4877 - 0.1327 
1.8427 

= 0.785. 

^2 — X2U2 4" 0*2 

= 0.785 (333 ~ 0.016) + 0.016 
= 261.4 cubic feet. 

^ ~ \ [(i^lPl + ^ 1 ) — (^2P2 + ^ 2 )] 

= 778 [(0.9 X 797.9 + 309) - (0.785 X 972.9 + 69,8)] 

= 149,843 foot pounds. 

Polytropic law: 

^ == 1.059 - 0.000315 X 115 + (0.0706 + 0.000376 X 115) 0.9 
= 1.125. 

= xiUi + cTi = 0.9 X (3.88 — 0.016) + 0.016 
= 3.6 cubic feet. 

PlVl^ = 

115 X 3.51'125 = 1 X 

V2 — 235.6 cubic feet. 

t University of Illinois Bulletin, Vol. 9, No. 26, p. 79. 


Assuming n = 1. 
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•g* ^ Pii’i — Pjij 

n — 1 

144 (115 X 3.5 - 1 X 236.5) 

1.125 - 1 
= 181,232 foot pounds. 

The value of n which will give the same work during expansion 
according to the polytropic law as the exact thermal analysis for the 
conditions specified in the problem may be determined as follows : 

^ PlVi - P 2 V 2 
Kf == , 

_ 141(115 X 3 . 5 --1X26L4) _ 

^ n — 1 

n = 1.135. 

This value of n is an average only since the true value varies at 
different points along the expansion line. This may be shown by 
plotting the true adiabatic expansion line on logarithmic cross-section 
paper. See par. 465. 

Superheated Steam, Isothermal Expansion, — For steam so highly 
superheated that it does not approach the wet state at any point during 
the change of state, n = 1, and the exponential law offers the only 
simple solution for the work done during expansion. This case has 
been treated in par. 455. 

Superheated Steam, Adiabatic Expansion, — The work done during 
adiabatic expansion may be approximated from the polytropic law by 
making n = 1.3. Goodenough gives the following as more accurate 
than the simple law pv^ = constant. 

p (v' + 0.088)^ = constant. (394) 

Example 86. Steam at 60 pounds per square inch absolute pressure 
and initially superheated to 300 deg. fahr. expands to a pressure of 
15 pounds absolute. Required the final volume and work done ac- 
cording to the polytropic law. 

From superheated steam tables for pi = 60 and superheat of 300 
deg. fahr. 

vi^ = 10.41, 

60 (10.41 + 0.088)1-31 = 15 W + 0.088)i-3i, 

V2 = 30.2. 

Thermal analysis gives V 2 ' = 30. 

_ Pi W + 0-088) + P 2 (^ 2 ^ + 0.088) 
n — 1 

_ 144 (60 X 10.5 + 15 X 30.1) 

1.31 - 1 

= 83,000 approx. 

Thermal analysis gives W = 78,800, 



CHAPTER XXIV. — SUPPLEMEXTARY 
ELEMENTARY THERMODYNAMICS OF THE STEAM ENGINE 


459- General. — The recent marked improvement in the heat economy 
of piston engine is largely due to a better understanding of the ther- 
modynamic principles involved in its operation. Once constructed no 
amount of attention or mechanical adjustment will appreciably affect 
the economy since the heat efficiency is primarily a function of the 
design. It is not the object of this chapter to analyze the various 
thermod^mamic laws underlying the design and operation of the piston 
engine but rather to show their application to the existing types of 
steam prime movers. In developing an engine with a view of better- 
ing the performance a knowdedge is necessar^^ of the theoretical limi- 
tations of the particular type under consideration- With this limit as 
a guide the degree of perfection of the actual mechanism is readily 
ascertained by comparing test results with those theoretically obtain- 
able. Complete conversion of the heat supplied into useful work is 
impossible for even the perfect or ideal engine, hence some other 
standard than the heat supplied is desirable for comparison. There 
are several ideal cycles which simulate to a certain extent the action 
of steam in the real engine. The more important of these will be 
treated in detail. 

460 . Carnot Cycle. — The Carnot cycle gives the highest possible 
efficiency for any type of heat and it would seem to be the most de- 
sirable cycle for the steam engine, but, as will be shown later, there 


Notations: 

A = p = lb. per sq. in. abs. 

P = lb. per sq. ft. abs. x = quality 
of wet steam. 

* s = specific volume of dry steam, 
lb. per cu. ft. 

V = specific volume of vapor, lb. 
per cu. ft. 

<r = specific volume of water, lb. 
per cu. ft. 

u = increase in volume dining 
evaporation, cu. ft. 

t — deg. fahr. above zero. T = 
deg. fahr. abs. 

Cm = mean specific heat of water. 

C = mean specific heat of super- 
heated steam. 


H = heat content above 32 deg. fahr., 
B.t.u. per lb. 

X — total heat of dry steam, B.t.u. per 
lb. 

r = latent heat of vaporization, B.t.u. 
per lb. 

p = internal latent heat, B.t.u. per 
lb. 

q — heat of liquid, B.t.u. per lb. 

e = entropy of the liquid. 

n = entropy of the vapor, 

N — total entropy. 

Prime marks indicate superheat. 

Subscripts 1, Wj s indicate, respec- 
tively, initial condition, final condi- 
tion, wet steam, and superheated 
steam. 
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are practical limitations which more than offset the thermod^mamic 
advantage. Nevertheless a study of this cycle is of importance in 
showing the absolute degi'ee of perfection which can be realized 
theoreticall}". 

The diagram in Fig. 623 represents the pressure-volume action or 
indicator card of an ideal steam engine cylinder operating in the Carnot 
cycle. For simplicity assume the cylinder to be one square foot in 
area, to contain unit weight of water and to have a piston displacement 
equivalent to one pound of saturated steam at the existing back pres- 
sure, At the beginning of the stroke 0 the nonconducting cylinder 

contains water at temperature Ti 
corresponding to pressure Pi. Heat 
is added to the liquid until vapori- 
zation is complete, the movement 
of the frictionless piston being such 
that the pressure and therefore the 
temperature is constant, that is, ex- 
pansion from 0 to i is isothermal. 
The source of heat is now removed 
and the piston is forced from 1 to 
2 by the expansion of the steam. Since the cylinder is nonconduct- 
ing and there is no reception or rejection of heat the expansion from 1 
to 2 is adiabatic. From 2 to 3 heat is abstracted from the steam at 
such a rate that the temperature and hence the pressure remain con- 
stant, that is, the steam is compressed isothermally. At 2 the heat 
abstraction is terminated and the mixture of vapor and liquid is com- 
pressed adiabatically to the initial temperature and pressure Ti. The 
location of point 3 is such that water only at temperature Ti will be 
present at the end of compression. This assumption that there is only 
water at 0 and saturated steam at 1 is not necessary and any degree 
of wetness or superheat may be assumed since it in no way affects 
the efficiency. 

The net work per cycle is represented by the shaded area 0123. 

Area 0123 = area Olfd + area 12gf — area S2ge — area d03e (395) 

Area Olfd = PiVi = Pi {si - ax) = PiUi. See equation (347). 

Since no heat is added during expansion from i to ^ the internal 
work is equal to the difference in intrinsic energy. See equation (379), 
hence: 

Area 12gf = [(pi + gi) - (a^pa + ffa)] j- 
Area S2ge = P 2 V 3 — PiV^ = P^Vi. 


Y. 



Engine Operating in the Carnot Cycle. 


(396) 

(397) 
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But V 2 = X 2 U 2 -f o'o ''see equation (39S; ) 

and r4 = XzU2 + cf^2^ 

Substituting these values in equation (397 j 

Ai*ea 32 ge = PoXoW^ — P2X3U2 

= P2U2 (X2 — Xzj. 

Since no heat is added during compression from 3 to 0 and there is 
only liquid at 0 the external work done on the steam is equal to the 
increase in intrinsic energ^q or 

Area dOSe = [^1 ~ (xsps + ga)] 

All of these factors with the exception of X2 and Xz may be obtained 
directly from the steam tables, and xz may be calculated from 
equation (374) or they may be taken directly from the temperature- 
entropy diagram. 

From the above data the PV diagram or indicator card may be 
readily plotted to scale. In order to obtain the true contour of the 
expansion and compression lines several intermediate points should 
be calculated and located on the diagram. 

The area 0123 when correctly drawn should check with the calcu- 
lated work. Substituting the values of the different areas in equation 
(395) we have 

Net work per cycle = PiUi + [(pi + Qi) — (x2p2 + g2) ] j — P2U2 — 0:3) 
— [gi “• (xzp2 + g2)] ^ 

= PiUi + ^ ” ^2 ^^2^2 + ^^"1" xzip 2 U 2 + * (398) 

Heat absorbed in doing work 

= APiUi + Pi •“ ^2 {AP2U2 + P2) "h Xz {AP2U2 4" 92)3 

= APiUi "4“ Pi — (x2 — Xz) {AP2'U2 4“ p2)* (399) 

From equation (325) 4- Pi = ri and AP2ih 4“ P2 = n. 

Therefore heat absorbed 

= n “ ^2 (x2 — xs)^ (400) 

The water rate or steam consumption per hp-hr. of the ideal engine 
working in this cycle is 

jY _ Heat equivalent of 1 hp-hr. 

Heat absorbed per lb. of fluid 

_ 2546 

~ Ti — r2 {X2 - 


( 402 ) 
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Efficiency: 

^ Heat absorbed 
~ Heat supplied 

(403) 


Ti — r. (xs — 0 : 3 ) 

(404) 

(405) 

But 

ri 

rp 

7-2 (% -Xi) equation (368). 

Therefore 

Ty 

Ti - Ti 

E — ' ” m ^ 

/'l i 1 

(406) 


wMch is independent of the nature of the working substance and 
dependent only on the range of temperature. 

The shaded area 0123, Fig. 624, represents the indicator card of Fig. 
623 plotted in the temperature-entropy diagram in which ordinates 

are absolute temperatures and abscissas in- 
crease of entropy. This diagram is useful 
in visualizing the thermal changes per stroke 
or cycle. Line ww represents the increase 
of entropy of the liquid above 32 deg. fahr. 
and ss the increase of entropy of the vapor. 
Both of these lines are readily constructed 
by plotting several values of d and N as 
abscissas for corresponding values of T as 
ordinates. These quantities may be taken 
directly from steam tables. 0-1 therefore 
represents the isothermal expansion of the 
fluid from water at temperature Ti to dry 
steam at the same temperature. Since the entropy is constant for 
adiabatic expansion 1-2 represents the expansion of the saturated fluid 
from temperature Ti to temperature Ts. Similarly 2-3 represents iso- 
thermal compression at temperature T 2 and 3-0 adiabatic compression 
from temperature T 2 to the initial condition. If the various lines are 
drawn to scale 



Fig. 624. Temperature-en- 
tropy Diagram; Perfect 
Engine, Carnot Cycle. 


Heat supplied above 32 deg. fahr. = area mOln, 

Area mOln = 0-1 X Ti = niTi — Vi, 
Heat rejected above 32 deg. fahr. = area wB2n, 

Area m32n = 3-2 X T 2 — niT 2 - 

Heat absorbed = Bxesi,0123 = areamdin — dbTea>m32n 
= ri - niT2. 

= ri-r2 (X2 - Xz), 
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nnoli+xT 0 + f * "i" — ^2 

Quality at end of expansion x--> = — = ^ — = ^ 

ce ce 


Quality at beginning of compression Xz = 


^^2 

c3 aO —be 61 — 02 


ce 


ce 


fin 


For any degree of wetness at the beginning and end of isothermal 
expansion the point 0 will lie to the right of the intersection of ww 
and Ti, and the point 1 will lie to the left of the intersection of ss and 
Ti. The figure 0123, how*ever, will always be a rectangle. 

If isothermal application of heat is continued during admission until 
the fluid is superheated the point 1 will still lie on the line aOl but to 
the right of the vapor line ss. In order to maintain a constant tem- 
perature of Ti in the superheated zone, the pressure must be lowered 
according to the law expressed by equation (308). Since superheat is 
supplied in practice with gradually increasing temperature and not 
isothermally the Carnot cycle is not a satisfactory standard for com- 
paring engines using superheated steam and hence this case will not 
be considered. 


Example 87. Determine the heat absorbed, water rate and effi- 
ciency of a perfect engine working in the Carnot cycle if the cylinder 
contains only water at the beginning of the cycle and saturated steam 
at cut off. Initial pressure 215 lb. per sq. in. absolute; back pressure, 
2 lb. absolute. Assume one pound of fluid per cycle. 

From steam tables: 

Pi = 215, ti = 388, Si = 2.138, qi = 361.4, n = 837.9, pi = 754, 
di = 0.5513, ni = 0.9885, (Ti = 0.0185, Ni = 2.138, 

P2 = 2, ^2 = 126.15, S2 = 173.5, = 94, = 1021, p2 = 956.7, 

62 = 0.1749, n2 = 1.7431, 0-2 = 0.0162. 


Qualities: 


xo — zero. 

Ni — O2 


X2 = 


Xi = unity. 
2.138 ~ 0.1749 


Xz = 


n2 
B i — 62 
fh 


1.74321 

0.5513 - 0.1749 
1.7421 


= 0.7833. 
= 0.216. 


(See equation (374).) 


Specific volumes: 

=z ai = 0.0185. 

si- (xi = 2.138 - 0.0185 - 2.12. 

V2 = X2U2 a2 = 0.7833 X 173.5 = 135.9. (See note, equation (310).) 
V3 = v2-Vi = 135.9 - 37.53 = 98.37. 

Vs = XzUi + <t 2 = 0.216 X 173.5 = 37.53. (See note, equation (310).) 
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Work; 

Admission; PiVx = 144 X 215 X 2.12 
= 65,625 ft. lb. 

Expansion = j [(pi + gi) — {x^pi + ^ 2 )] 

= 778 [(754 + 361.4) - (0.7833 X 956.7 + 94)] 
= 211,616 ft. lb. 

Exhaust; PsWs = 14:4 X 2 X 98.37 
= 28,350 ft. lb. 

Compression = i [(gi — {xzpi + ga) ] 

= 778 [361.4 - (0.216 X 956.7 + 94)], 

= 47,302 ft. lb. 

Net work = (65,635 + 211,616) - (28,350 + 47,302), 

= 201,599 ft. lb. 

Heat; 

Equivalent of work done = 201,599 -4- 778 = 259.1 B.t.u. 
Supplied = ri = 837.8 B.t.u. 

25Q 1 

Efficiency; Er = = 0.309 = 30.9 per cent. 

00 /.y 

Water rate; Wr = = 9.83 lb. per hp-hr. 


Temperature-Entropy Diagram. 

Heat equivalent of work done = ni(Ti— Tz) — n\ (k — ti) 

= 0.9885 (388 - 126.15) 

= 259.0 B.t.u. 

. Ti- Tz 261.85 „ ^ 

Efficiency = — ^ — = '■g|g~ = 0.309 = 30.9 per cent. 

While it is conceivable to build an engine which will simulate the true 
Carnot cycle it would be practically impossible to do so without in- 
troducing evils which would more than counterbalance the thermo- 
dynamic advantage. The compression in the actual engine must not 
be confused with the adiabatic compression of ilic Carnot cycle .since 
the cushion steam involved in the operation of the former i.s but a frac- 
tion of the total fed to the cylinder and has but lilllc influence on the 
thermodynamic action of the engine. 

A modification of the Carnot cyelc, known as the regenerative ntexim- 
engine cycle and which has the .same efficiency as the former, has boon 
simulated by a special typo of Nordberg pumping engine. The engine 
is quadruple expansion with four cylinders, three recjcivcrs and five 
feed-water heaters in scries a, h, c, d, and c. The feed water is taken 
from the hot well and passed in succession through the various heaters : 
a receives its heat from the exhaust steam on its passage to the condenser; 
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b receives its heat from the low-pressure cylinder jacket; and c, d, and 
e, respectively, from the third, second, and first receivers. Referring 
to Fig. 625, if l-c' is drawn parallel to the water line ww the area Olc'c 
will equal the area of the Carnot cycle 0123. The Nordberg engine 
approximates this cycle as indicated 
by the broken lines. The expan- 
sion in the first stage corresponds 
to 1 -ai, that in the second to ai~a 2 , 
and so on for each of the other 
stages. Heat represented by the 
area below ar-ad is abstracted from 
the first stage and is used to raise 
the condition of the water from hd 
to bi; heat corresponding to the 
area below is withdrawn from 
the second stage and is used to 
raise the condition of the water 
from 63 to 62 ; and so on for each 
stage. Thus heat is abstracted by 
steeps from the expanding steam 
and is used for progressively heat- 
ing the feed water. By increasing 
the uum!)er of steps the nearer will the actual cycle approach that of 
the ideal. The Nordberg compressor. Table 82, attained 73.7 per cent 
of the eili(fien(*.y of the Carnot cycle for the same temperature limits and 
its heat (^‘onomy has noi. yet been exctelled. 

4(51. IlaBkine Cycle. Complete Expansion.* — This cycle has been 

adopted by the American So- 
ciety of Mechanical Engineers 
and the Britisli Institution of 
Civil Engineers as the stand- 
ard for comparing the per- 
formance of all steam prime 
movers. It is of value not 
only in comparing the per- 
formances of steam engines 
with each other but also in 
comparing engines with tur- 
bines. In an engine working 



Fig. 625. Regenerative Steam Engine 
Cycle. 
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Ft(L 626. Indicator Card for Perfect Engine 
Working in the Rankine Cycle with Com- 
pl(d<^ Expansion. 


ac<K:)rding to the llankino cycle, steam is admitted at constant pressure, 

* This is often odhd t.lu^ Clausius cycslo since it was published simultaneously but 
iudopond<mtly by both Clausius and Rankine. 
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expanded adiabatically to the back pressure and exhausted at that pres- 
sure. The engine has no clearance and there are no heat losses from 
friction, imperfect expansion, or otherwise, all the energy taken from 
the steam being converted into work. The diagram 0128^ Fig. 626, 
represents the familiar indicator card or pressure-volume diagram of 
the working fluid operating in this cycle. 0-1 represents the admission 
of steam from the boilers at constant pressure Pi; 1-2 is an adiabatic 
expansion to exhaust pressure P 2 ; 2-8 exhaust at constant pressure 
P 2 ; and 8-0 a practically constant volume pressure rise. 

For all conditions of steam: 

Work done during admission = area Olfd 

Work done during expansion = area 12gf 
Work done during exhaust = area 82 gd 

Net work = area Olfd — area 12gf — area 32 gd 
= area0i^5 

Per pound of wet or saturated steam: 

Work done during admission = Pi {xiUi + 0 * 1 ) ft. 11). 

Work done during expansion = j[(^iPi + gf) — (^ 2 P 2 + {Z 2 )] ft. lb. 
Work done during exhaust = P 2 + <^ 2 ) ft. lb. 

Net work = Pi {xiUi + cri) + ~ [(a;ipi + qO 

- (X 2 P 2 + ^ 2 )]— P 2 (X 2 U 2 + 0 * 2 ) ft. 11). (407) 

= XiVi + qi — (^ 2^2 + g 2 )'^ B.t.u. (408) 

- ffi ~ H 2 B.t.u. (409) 

Per pound of steam superheated at admission but wet or saturat.ed 
at end of expansion: 

Work done during admission = Pie^/ ft. lb. 

Work done during expansion == ^^7// ~ PiVi^ — — (X 2 P 2 + ^ 2 ) ft. lb. 
Work done during exhaust = P 2 {x 2 'ih + (T 2 ) ft. lb. 

Net work = PxVx' - /// -Pi?v) - fepii + r/.)] 

~ P 2 (X2'U2 + ft. lb. 

= H/"- (a? 2 p 2 + < 72 ) A P 2 {xiih + B.t.u. 
= ///- {X 2 r 2 + ( 72 )*^ B.t.u. (410) 

= B.t.u. (411) 

* The quantities Pi<ri and found by reducing equation are negligible and havtj 
been omitted. 
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Per pound of steam superheated throughout adrodssion and expansion: 


Work done during admission = PiVi ft. lb. 
Work done during expansion — “ 


(jF2'-P2%')ft. Ib. 


Work done during exhaust = ft. lb. 

Net work = P^v^' + j (H,' - H,') - Pi^i' + P^v^' 

— F‘>V2 ft. lb. (412) 

= Hi' - H 2 ' B.t.u. (413) 


Calling Hi and Hn the initial and final heat content for all conditions 
of steam, a general expression for the heat converted into work Ew is 


= Hi - Hn. 

(414) 

Heat supplied Ht above exhaust temperature t is 


Ht ~ Ht Qn' 

(415) 

EiSBiciency Er — ^ 

xl i Qn 

(416) 

Steam consumption or water rate, lb. per hp-hr., is 


TTr 2546 

(417) 


The tcin per aturc-cnt ropy diagrams for the conditions discussed above 
arc shown in Figs. C27 to 629. For saturated or wet steam it will be 



Fkl 627, TV^inperaturo-cntropy Dia- Fia. 628. Temperature-entropy Dia- 
gram; Pc^rfe<!t Eugiuci, Raukine gram; Perfect Engine, Rankine Cycle 

(Jyclo with Complete Expansion. for Wet Steam at Cut-off. 

Bteatn Dry at Cut-off. 

noted that th(^ admission lino is an isothermal since a constant pressure 
oxT)ansion for saturated steam is also a constant temperature one. 

For Buporhoated aicain, however, the temperature increases with the 



980 


STEAM POWER PLANT ENGINEERING 


degree of superheat, the pressure remaining constant, and the relation 
between pressure and volume varies according to the law expressed 
in equation (308), that is, the location of point P, Fig. 629, is fixed by de- 


termining the entropy corresponding 



Fig. 629. Temperature-entropy Diagram; 
Perfect Engine, Rankine Cycle for Steam 
Superheated throughout Expansion. 


to pressure Pi and temperature Ti\ 
This may be calculated from equa- 
tion (343) or it may be taken 
directly from superheated steam 
tables. 

A study of equation (416) in 
connection with the Mollier dia- 
gram will show that 

(1) The Rankine cycle when 
using superheated steam has a 
lower theoretical efficiency than 
that of the same cycle with satu- 
rated vapor having the same maxi- 
mum temperature. 

(2) The ilieoretical efficiency in- 
creases but slightly with the in- 
crease in superheat, the maximum 
pressure remaining constant; see 
Tabic 76. 


(3) The theoretical efficiency increases rapidly wii»h the increase in 
pressure range; see Taldc 71. 

The behavior of the actual engine under these conditions is discaisscd 
in paragraphs 179 and 182. 

A comparison of the Carnot and Rankine eyede shows a lowcn* (Tfi- 
ciency for the latter for the same operating conditions, as would he 
expected. The water rate for the (kirnol. eyide, however, is highen*. 
This apparent anomaly is due to the facit that the hc^at. supplicnl pv.r 
pound of fluid is much larger in the Rankine than in the (Jaruot. 
Thus less weight of vsteam is used pin- hp-hr., })ut each poimd receives 
more heat and this is used loss efficiindJy. 


Example 88. A perfect engine operating in the Rankim^ wildi 
complete expansion takes steam at 115 lb. per sq. in. absolute pn^ssure, 
quality 98, and exhausts against a back prcvssun^ of 1 lb. al)Holute. 
Required the condition of the steam at end of expansion, work 
done, efficiency, and water rat-e. 

From steam tables: 

Pi = 115, U - 338.1, n - 879.8, q^ « 309, II t - 1 188,8, G - 0.4877, 
re = 1.103, 

p, 1, 15,= 101.8, = U)34.f), - 09.8, 0^ = 0.1327, 

n2 = 1.8427, 
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^ 1^1 ^1 ^2 

^2 = (See equation (374).) 

^ 0.98 X 1.103 + 0.4877 - 0.1327 
1.8427 

= 0.779. 

Heat converted into work 


— — {x^r^ + 

= 0.98 X 879.8 + 309 - (0.779 X 1034.6 + 69.8) 
= 1171.2 — 875.7 = 295.5 B.t.u. per lb. 

Efficiency = — — 

^ Hi- 


295.5 

1171.2 - 69.8 


= 0.268 = 26.8 per cent. 


ixr + 4. 2546 

Water rate = 7 ^ ^ 

Jtii — 


2546 

295.5 


8.62 lb. per hp-hr. 


The initial and final heat content may be taken directly from the 
Mollier diagram; as a matter of fact it is customary in practice to use 
the diagram except where extreme accuracy is necessary or when the 
given conditions are beyond the range of the charts, 

46^. RanMne Cycle with Incomplete Expansion. — If expansion after 
cut-off is tiot carried far enough to reduce the pressure to that of the 
back pressure line as shown in Fig. 630 the Rankine cycle more nearly 


simulates the cycle of the actual 
engine. This cutting the '*toe/^ 
off the diagram decreases the 
cfficiom^y, l)ut permits of the use 
of a smaller c.ylinder. A com- 
parison of the diagram in Fig. () 2 () 
with thu-t in Fig. ()30 will show 
that the area 012^ S' is of tlic 
same outline as area 0128^ conse- 
quently th(^ work done would be 
that corre^sponding to complete 
expansion to pressure Pc plus 
that rciprc^sented by area S'2'2S. 



VolTimo 


Fig. 630. Indicator Card for Perfect En- 
gine Working in the Rankine Cycle with 
Incomplete Expansion. 


If He, reprowirita the boat content corresponding to complete expansion, 


to prcHHure 1\ the heat equivalent of the work done (area 012' S’) is 


B.t.u. per lb. 

Work corresponding to area 3'2'23 = (Pe — Pa) Ve ft. lb. per lb. 
Hence, heat converted into work = Hi — He + d. (P^ — P 2 ) 
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Heat supplied is the same as for complete expansion = i?, — ^ 2 . 
Therefore efficiency Er = — - * (418) 

ill “ g2 
2546 

Water rate W = h, _ h. + A (P.- PTyV 
For wet steam, Vc = XcU 2 + <12 = XcS 2 (for all practical purposes). 
For dry steam, Vc = S 2 — 0 - 2 . 

For superheated steam, Vc = V 2 — 0 - 2 . 


The temperature-entropy diagram differs from that for complete 
expansion in the curtailment of lines 1~S' and 
S'-3 by constant-volume pressure drop 
Fig. 631. 

Example 89. Same data and requirements 
as in preceding example except that release 
occurs at a pressure of 4 lb. absolute. 

From steam tables: pi and p 2 as in preced- 
ing example, 

= 4, r, = 1005.7, Qo = 120.9, da = 0.2198, 
ric = 1.6416, 52 = 90.5, 

XiUl + 61— da 



Fig. 631. Temperature-en- 
tropy Diagram; Perfect 
Engine, Rankine Cycle 
with Incomplete Expan- 
sion. Steam Dry at Cut- 
off. 


71 / • 

0.98 X L103 + 0.4877 - 0.2198 
1.6416 

= 0 822 

= XcS2 = 0.822 X 90.5 
= 74.4. 


He = XoVe + Qc 

= 0.822 X 1005.7 + 120.9 
= 947.6. 

Hi = 1171.2 (same as in preceding example). 

H. - He + A {Pe. - 


Efficiency = 


P 2 ) ^0 


Hi — <72 

1171.2 - 947.6 + (4 ~ 1) 74.4 


1171.2- 


1171.2 - 69.8 
947.6 + 41 264.6 

1101.4 


1171.2 - 69.8 
= 0.24 = 24 per cent. 

2546 

Water rate = lb. per hp-hr, 


4<!3. Banklne Cycle with Bectangular PV-DIagram. — This cycle is 
the least efficient of all vapor cycles in practical use but represents the 
action of the fluid in direct-acting steam pumps, direct-acting air com- 
pressors and engines taking steam full stroke. It may be looked upon 
as a limiting case of the Ranldne cycle. From Fig. 632 it is api)arcnt 
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that 

Work done = A (Pi — P 2 ) v B.t.u. (420) 

For wet steam, v = XiUi + cri = (for most purposes). 

For dry steam, z; == Si ~ ci. 

For superhetead steam, v = v/ ~ ci. 

Heat received is the same as that in the 
Rankine cycle 

— — q^. 


Efficiency = — ^ ^ (421) 

±1 i q^ 

Water rate = - . (422) 

A (Pi - Pa) y ^ ^ 



Fig. 632 . 


Eooam'ple 90. A perfect direct-acting steam pump operating in the 
rectangular PV cycle takes steam at initial pressure 115 lb. per sq. in. 
absolute, quality 98 per cent and exhaust against a back pressure of 15 
lb. absolute. Required the work done per lb. of fluid, efficiency and 
the water rate. 

From steam tables: pi == 115, Si = 3.88, Hi = 1188.8, 

= 15, qn = q2 = 181.0. 

Heat converted into work = A (Pi — P 2 ) xiSi 

= m (115-15) 0.98X3.88 
= 70.4 B.t.u. 

70 4 

Efficiency = = 0.07 approx. = 7 per cent. 

lloo.o — loU 

Water rate = = 36 lb. per hp-hr. 


4M. Conventional Diagram. — In designing an engine it is customary 
to assume as a basis of reference an ideal cycle which considers only the 

kinetic action of the steam 
in the cylinder. This per- 
mits of analysis without the 
use of steam tables. The 
expansion is assumed to 
be hyperbolic because the 
equilateral hyperbola is 
readily constructed and be- 
cause expansion in the 
actual engine conforms ap- 
proximately to the law Pv^ = C (see paragraph 458). According to 
the 1915 A.S.M.E. Code the ideal engine is assumed to have no clear- 
ance and no losses through wire-drawing (Juring admission or release. 
The initial pressuro is that of the boiler and the back pressure that of 
the atmosphere for a non-condensing engine, and of the condenser for 
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a condensing engine. Such a diagram for a simple non-condensing en- 
gine is illustrated in Fig, 633. 0-1 represents admission at constant 
pressure Pi, 1-B represents hyperbolic expansion from cut-off 1 to re- 
lease at 2 and 2-3 represents exhaust at atmospheric pressure P 2 . 

The work done is represented by the 

area 0123 = area Olfd + area 12gf — area 32gdf 

area 01/d = PiVi^ 

area 12gf = PiVi loge - (see paragraph 458), 

Vi 

area S2gd == P 2 V 2 ^ 


Therefore net work done 


letting 




^ = r = ratio of expansion, 

Vl 

W = PiVi (l+log,r) -P 2 V 2 . 

area 0123 


Mean effective pressure Pm ' 


V2 


Y (1 +log„r) - Po. 


(423) 

(424) 

(425) 


As the m.e.p. is generally used in pounds per square inch, dividing 
both members of the equation by 144 gives 

Vm {I + log. r) - p 2 - (426) 

7)l0!7} 

Theoretical maximum horsepower = (427) 

in which 

I = length of stroke, feet, 
a = area of cylinder, sq. in,, 
n = number of working strokes. 

The ratio of the m.e.p. of the actual engine to that of the ideal dia- 
gram as determined above is called the diagram fa(‘4-or. This faciior 
is determined by experiment and ranges as FoUoWkS (II(^4it Power 
Engineering, Hirshfcld and Barnard, 1915, p. 325) : 


Simple slide-valve oagine 55 to 90 per cemt 

Simple Corliss engine 85 to 00 “ 

Compoimd slide-valve engine 5510 80 ** 

Compound Corliss engine 75 to 85 

Triple expansion engine 55 to 70 ** 
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The probable mean effective pressure for the engine under consider- 
ation is 


M.e.p. = Pm X diagram factor. (428) 


Example 91. Determine the probable horsepower of a 12 inch X 12 
inch simple engine, 250 r.p.m., initial pressure 120 lb. per sq.in. absolute, 
cut off I stroke, diagram factor 0.75. 


Theoretical m.e.p. == (1 + log^ 4) — 15, 

- 56.53. 

Probable actual m.e.p = 56.53 X 0.75 == 42.4. 

^ , , . . , 42.4 X 1 X 113 X 500 

Probable i.hp. = — 


72.4. 


33,000 


465. LogaFithmic Diagram. — It is a well-known fact that the equation 
of the polytropic curve Pv^ = C becomes a straight line when plotted 
on logarithmic cross-section paper and the slope of the line is the value 
of n. Conversely, when the expansion or compression curve of an 
indicator becomes a straight line in the logarithmic diagram it shows 
tliat the change of state is in accordance with the law Pv^ = C. The 
logarithmic diagram derived from the indicator card is useful in analyzing 
cylinder performance and gives valuable information which cannot be 
reaxlily obtained otherwise. Thus it has been demonstrated * that the 
logarithmic diagram is of great assistance in 

(1) Approximating clearance volume. 

(2) Lo(‘.ating the stroke positions of cyclic events. 

(3) D(4acHng leakage. 

(4) Approximating steam consumption. 

Construction of the Logarithmic Diagram. — If the clearance volume 
is given the construction of the diagram is very simple. Draw the 
cl(^aran(‘-c line OY and the abso- 
lute pressure Imc OX on the in- 
dicalor diagram a,s illustrated in 
Idg. ()34 . Lo(;atc points 1, 2 jS, etc. 
on the (‘.xpansion line and tabulate 
th(^ com^sponding absolute pres- 
sures a»nd volimu^s. For example, 
the pressure (jorrcspoiKiing to point 
1 is Pi ami its value is the length of 
the line I\ multiplied by the scale 
of tli(^ imlicator spring. Similarly the volume corresponding to point 
i is th and its value is the length of the line Vi multiplied by constant 

* A K(w AnalyniH of th(^ Cylinder Performance of Rccipro(‘.atmg Engines. J. 
Paul Clayton, Uiuv. of 111. bull. No. 20, Vol. 0, May G, 1912, 


Y 
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m ( = piston displacement per stroke in cu. ft. divided by the length of 
the card I measured in inches). Transfer these points to logarithmic 
cross-section paper as illustrated in Fig. 635, using absolute pressures 
in lb. per sq. in. as ordinates and cu. ft. as abscissas. Repeat the 
operation for the compression curve and draw a smooth line through 

the various points. The ratio ^ (measured in inches) will be the value 

ds 

of n for the expansion line and -^ = n for compression. 



Fig. 635. Indicator Card — Logarithmic Diagram. 

Approximating Clearance Volume. — If expansion and comprossioii 
vary substantially according to the law Pu” = C the clearance volunui 
may be approximated by trial and error. All that is necessary is to 
assume different values of clearance and to plot the logarithmic diagram 
for each assumed value until the expansion or compreasion curve is a 
straight line. 

Locating the Stroke Position oj Cydic Events. — Except wi(.h a f((w 
types of four-valve engines it is diflicult and oftentinuis impossibh^ to 
locate the points of cut-off, release, and compressiou from tlui indicator 
diagram. If there is no leakage the true points may be locatcid on tlu! 
logarithmic diagram by noting when the expansion and compression 
curves become straight; see Fig. 193, Chapter IX. 

Detecting Leakage. — The law Pa" = C is applicable only to cases 
where the weight of steam remains practically constant during changci 
of state. When the weight changes materially as by leakage, the re- 
sulting expansion and compression linos on the logarithmic diagram 
depart from straight lines. This is clearly shown in Fig. 19.5. 
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Approximating Steam Consumption. — According to Clayton (1) 
there is a definite relation existing between Xc (quality at cut-off) and 
n in any one cylinder which is practically independent of cut-off posi- 
tion. (2) This relation is practically independent of cylinder size and 
of engine speed; it is therefore ^ 
applicable to other cylinders of 
the same type. (3) By means 
of the experimentally deter- " 
mined relations of Xc and n, 
the value of Xc may be ap- 
proximated from the average 
value of n obtained from the q 
expansion curves of one set of 
indicator diagrams taken simul- 
taneously; therefore the actual weight of steam present in one revo- 
lution may be approximated. (4) The actual steam consumption 
may be obtained by this method from the indicator diagram to within 
an average of 4 per cent of test measurements. These statements 
apply strictly to non-jacketed steam cylinders in good condition, ex- 
hausting at or near atmospheric pressure. In applying this method 
it is only necessary to determine n as previously outlined and find from 
the curve in Fig. 194 the corresponding value of Xc. Knowing the 
quality of steam at cut-off the weight of fluid per stroke can be readily 
calculated. It; will be noted that the curve in Fig. 194 is only an average 
approximation and that theu’e is a considerable range in the values of 
Xc for a given value of n. By separating the points into groups of 
similar pressures and speeds, several lines coordinating n and Xc may be 
obtaiiunl and a greater accuracy is possible. For a complete discussion 
of this important subject consult Clayton's paper. 

46Ch Temperature-Entropy Diagram. — If the actual indicator card 
is transferred t;0 the temperature-entropy chart the various heat ex- 
(‘Ranges during expansion and compression may be seen at a glance. 
Th(', area r(H)resent(Hl 1)y the actual diagram, however, does not give 
tlie heat utilized iti doing work since the weight of steam is not constant 
throughoul; the (rydo. From cut-off to release the weight is constant 
if tluTO is no leakage, as is the case from beginning of compression to 
admission, but tlie weights involved in each case are not the same. 
Therefore^,, only the expansion line shows the true behavior of all the 
steaiti used per (‘y(4e and the rest of the diagram is more or less conven- 
tional The transfer of the pressure-volume to the temperature-en- 
tropy diagram is best illustrated by a specific example. 
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Example 92. Curve OIBS^ Fig. 636, is an average indicator card taken 
from a 12 X 12 engine running at 300 r.p.ni,; clearance volume 10 per 
cent; steam consumption by tests 2700 lb. per hr. Transfer the in- 
dicator card to temperature-entropy chart. 

Locate the zero clearance line OF and zero pressure lines OX, and 
measure the diagram as indicated. The cylinder displacement per 

, , 3.14X122 ,, 

stroke = r— = 0.785 cu. ft. 

144 X 4 

Compression volume = 0.785 = 0.314 cu. ft. 

Weight of ^‘cushion steam on the assumption that the steam is dry 
at the beginning of compression 

= 0.314 X 0.0498 = 0.0156 lb. 

(0.0498 = wt. of 1 cu. ft. of steam at 20 lb. abs. pressure.) 

Weight of steam used per stroke or ^‘cylinder feed” 


2700 
600 X 60 


0.075 lb. 


Total weight of steam expanding = 0.075 + 0.0156 = 0.09 lb. 

Lay off saturation line mm. This line represents the volume of 0.09 
11 ). of saturated steam for the various pressures within tlui range of iho 
diagram. 


Draw several pressure lines such as ahe and tabulate the ratio ■ 


ratio gives the quality of the steam at point b in the expa,nsion (Uirvc 
. Note that ~ represents quality only during (expansion 


after cut-off and that it is simply a ratio for other partiS of the eyebn 



Tabulate also the absolute temperatuix^ 
corresponding to the pr(^ssurc linden* (ion- 
sideration. Next (ionstruct t.he walia* and 


saturation curves low and r(^sp(a‘.lively, 
as illustrated in Fig. 637. This may be 
done conveniently by using absoluiiC tern- 
peratur(',s and ent,ropies of water mu I va^por 
given in steam tables, the entiropies being 
multiplied by 0.09. Locaii^- point ?/ on 
the corresponding tcunperatun^ line in sm;h 


a position that raters 


obtained 


Pj.j p .07 from the indicator card. The kxnis of tlu^. 

point h' will be the dnsired diagram. The 
thermal action during actual expansion is appa,rent from the diagram; 
tbus it will 1)0 secx) by iuKspoction that the steam is wot at cut-off, 
that condensation takes place from 1 t-o 2 ' more rapidly than if exf)an- 
sion were adiabatic, and that reevaporation takes plac.e from 6' I.0 2. 

The foregoing analysis applies only to sai-urated or wet) steam. In 
case of superheat thci a<‘.tual expansion will lie beyond the saturation 
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curve as illustrated in Fig. 638 and the ratio — == — will not give the 

ac s ^ 

quality. To find the temperature corresponding to v' multiply s, the 
specific volume of one pound of saturated steam at pressure P by the 

ratio — as measured from the diagram. From superheated steam 

tables or by means of equation (311) determine the temperature cor- 


v' 

responding to volume s X — and pressure 

s 

to the temperature-entropy diagram 
draw the temperature line T' cor- 
responding to that just determined 
and locate point b' on this line such 
that cV ~ total entropy for pressure 


Y 



P. To transfer the point b 



P and temperature T', The total entropy may be taken from super- 
heated steam tables or it may be calculated from equation (342). For 
the problem under consideration the entropy thu^ obtained must be 
multiplied by 0.09, the weight of fluid expanding per cycle. The locus 
of i-hc point b' will be the desired diagram. 


460 ^ 1 . Steam Accounted for by Indicator Diagrams at Points near Cut- 
off and Kelease. ~ The steam accounted for, expressed in pounds per 
i.hp, per hour, may readily be found by using the equation 

\{C + E)Wo-{H + E) Wk], (429) 

ill which 

m.e.p. ~ mean effective pressure, 

0 = proportion of direct stroke completed at points on expan- 
sion line near cut-off or release, 

JiJ = proportion of clearance, 

II - proporiion of return stroke uncompleted at point on com- 
pre^ssion line just after exhaust closure, 

Wg weight of 1 cu. ft. steam at pressure shown at cut-off or 
release point, 

Wh — weight of 1 cu. ft. steam at pressure shown at compression 
point. 
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The points near cut-off release and compression referred to are in« 
dicated in Fig. 640. 

In multiple expansion engines the mean effective pressure to be used 
in the above formula is the aggregate m.e.p. referred to the cylinder 
under consideration. In a compound engine the aggregate m.e.p. for 
^ — T the h-p. cylinder is the sum of the 

Cutoff/^ I actual m.e.p. of the h-p. cylinder 

/ / and that of the 1-p. cylinder multi- 

/ plied by the cylinder ratio. Like- 
aggregate m.e.p. for the 1-p. 
^ - -Compression Cylinder is the sum of the actual 

Atmospheric Line t i i 

m.e.p. 01 the 1-p. cylinder and the 
Fig. 640. Points where Steam Ac- « , t • i i 

oomted for by Indicator” is Computed. the h-p. cyhndcr divided 

by the cylinder ratio. 

The relation between the weight of steam shown by the indicator 
at any point in the expansion line and the weight of the mixture of 
steam and water in the cylinder may be represented graphically by 
plotting on the diagram a saturated steam curve showing the total 
consumption per stroke (including steam retained at compression) and 
comparing the abscissas of the curve with the abscissas of the expan- 


sion line, both measured from the line of no clearance. 



CHAPTER XXV. — Supplementary 

PROPERTIES OF AIR, — DRY, SATURATED, AND PARTIALLY SATURATED 

467. General. — Tables and charts giving the simultaneous physical 
and thermal properties of dry and saturated air for various temperatures 
are of great assistance in solving problems relative to the design and 
performance of evaporative surface condensers, water-cooling appa- 
ratus and air-conditioning devices. Table 169 gives the properties 
of dry and saturated air for various temperatures ranging from 0 to 
212 deg, fahr. and Figs. 461 and 462 give a complete psychrometric 
chart for all conditions of dry, saturated, and partially saturated air 
within a temperature range of 20 to 350 deg. fahr. These charts are 
extremely useful in avoiding laborious calculations. 

468. Dry Air. — The physical and thermal properties of dry air as 
used in these tables and charts are based on the following laws estab- 
lished by the latest experiments with gases and vapors : 


= constant = 0.755, 

I <i 

(430) 

Cpa = 0.2411 + 0.0000045 {k + k), 

(431) 

II a ” (^2 ^l)> 

(432) 


in which 

Pa = absolute pressure of the dry air, in. of mercury, 

Va “ volume of 1 lb. of dry air, cu. ft., 

Ta = absolute temperature of the air, deg. fahr., 

Cpa — itiean spc(‘ific heat of air at constant pressure between tem- 
peratures ti and 4, 

If a - heat content, B.t.u. per lb. of air above temperature 
ti - initial temperature, deg- fahr., 

4 - final i^omperature, deg. fahr. 

A sample cjaleulation of the properties of dry air as listed in Table 
169 is given in Example 93. 

Example 93. Required the specific volume and density of dry air 
at 100 deg fahr. under standard atmospheric pressure (= 29.92 in.). 
Rociuired also the heat content per lb. above 0 deg. fahr. 

991 
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TABLE 169. 


PROPERTIES OF SATURATED AIR (Barometer 29.921.) 
Mixture of Air Saturated wuth Water Vapor. 


Tempera- 
ture, De- 
grees 
Fahr. 

Weight of 
lOOO Cu. Ft 
of Dry Air, 
Pounds 

Volume of 
One Lb. of 
Dry Air, 
Cu. Ft. 

Elastic 
Force of 
Vapor, In. 
of Mer- 
cury. 

Elastic Force 
of the Dry An 
in the Mixture, 
In of Mer- 
cury. 

Weight of 1000 Cu. Ft., Lb. 

Weight of 
the Dry 
Air, Con- 
tent. 

Weight of 
the Vapor, 
Content.* 

Total 
Weight of 
the Mix- 
ture. 

1 

2 

3 

4 

5 

6 

7 

« 

0 

86 35 

11 58 

0 037 

29 88 

86.23 

0 067 

86 90 

10 

84 53 

11.83 

0 063 

29 85 

84 31 

0 no 

84.42 

20 

82 71 

12 09 

0.103 

29 81 

82 44 

0 177 

82 62 

30 

81 04 

12 34 

0 165 

29 76 

80 62 

0 278 

80.90 

32 

SO 71 

12 39 

0 181 

29 74 

80 24 

0 303 

80 54 

35 

80 19 

12 47 

0 203 

29 72 

79 70 

0 340 

80.04 

40 

79 43 

12 59 

0 248 

29 67 

78 77 

0 410 

79 18 

45 

78 61 

12 72 

0 300 

29 62 

77 86 

0 492 

78 35 

50 

77 88 

12 84 

0 362 

29 56 

76 94 

0 588 

77 53 

55 

77 10 

12 97 

0 436 

29 48 

75 98 

0 699 

76.68 

60 

76 33 

13.10 

0 521 

29 40 

75 05 

0 823 

75.88 

62 

76 04 

13 15 

0 560 

29 36 

74 66 

0.8S7 

75 54 

65 

75 64 

13 22 

0 622 

29 30 

74 08 

0 979 

75,06 

70 

74 91 

13.35 

0 739 

29 18 

73 08 

1 153 

74.23 

72 

74 63 

13 40 

0 790 

29 13 

72 68 

1.229 

73.90 

75 

74 24 

13 48 

0.874 

29 05 

72 08 

1 352 

73 42 

80 

73 53 

13 60 

1 031 

28 89 

71.01 

1 .580 

72.50 

85 

72 83 

13 73 

1 212 

28 71 

69 92 

1.841 

71.76 

90 

72 15 

13.86 

1.421 

28 50 

68 78 

2.137 

70.92 

95 

71 53 

13.98 

1 659 

28 26 

67.59 

2.474 

70 06 

100 

70 87 

14 11 

1.931 

27.99 

66 34 

2.855 

69 19 

105 

70 22 

14 24 

2 241 

27.69 

65.05 

3.285 

68.33 

no 

69 64 

14.36 

2 594 

27 33 

63 64 

3 769 

67.41 

115 

69 01 

14 49 

2 993 

26 93 

62 16 

4.312 

66.47 

120 

68 40 

14.62 

3.444 

26 48 

60.60 

4.920 

65.52 

125 

67 SO 

14 75 

3 952 

25 97 

58.92 

5.599 

64.52 

130 

67 20 

14.88 

4.523 

25.40 

57.14 

6.356 

(53.50 

135 

66 67 

15.00 

5.163 

24.76 

55.23 

7,187 

(52.43 

140 

66 09 

15 13 

5,878 

24.04 

53.18 

8.130 

(51.31 

145 

65.53 

15 26 

6.677 

23.25 

51.01 

9.160 

(50.17 

150 

64.98 

15.39 

7.566 

22.35 

48.63 

10.30 

58.93 

155 

64 43 

15 52 

8.554 

21.37 

46.12 

11.56 

57.(58 

160 

63.94 

15.64 

9.649 

20.27 

43.39 

12.9-1 

5(5.33 

165 

63.41 

15 77 

10 86 

19.06 

40.47 

14.45 

54.92 

170 

62.89 

15.90 

12.20 

17,72 

37.33 

16.11 

53.44. 

175 

62 46 

16.03 

13.67 

16.25 

33.96 

17.93 

51.80 

180 

61.88 

16 16 

15.20 

14.63 

30.34 

10,91 

50.25 

185 

61.42 

16.28 

17.07 

12.85 

26.44 

22.06 

48.50 

190 

60.94 

16.41 

19.01 

10,91 

22.26 

24.41 

46.(57 

195 

60 61 

16.50 

21.14 

8.78 

17.17 

26.96 

44.13 

200 

59.98 

16.67 

23.46 

6.46 

12.97 

29.72 

42.(50 

205 

59.74 

16.74 

f26,00 

3.92 

7.82 

32.71 

40.53 

210 

59.31 

16.86 

28.75 

1.17 

2.30 

35.94 

38.24 

212 

59.10 

16.92 

29.92 

0 

0 

37.32 

37.32 


* Goodonougli. 
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TABLE 169. — Continited. 


Te Tipera- 
ture, De- 
gres"! Fahr. 

Weight of 
Water Neces 
sary to Satu- 
rate 100 Lb of 
Dry Air. 

Volume of One 
Pound of Dry Air 
+ Vapor to Satu- 
rate it, Cubic Feet. 

0 

0 078 

11.59 

10 

0.131 

11 86 

20 

0 214 

12.13 

30 

0 344 

12.41 

32 

0 378 

12.47 

35 

0.427 

12 55 

40 

0.520 

12.70 

45 

0 632 

12.85 

50 

0 764 

13.00 

55 

0.920 

13.16 

60 

1 105 

13.33 

62 

1 188 

13.40 

65 

1.323 

13 50 

70 

1 578 

13 69 

72 

1 692 

13.76 

75 

1.877 

13.88 

80 

2 226 

14.09 

85 

2.634 

14.31 

90 

3.109 

14 55 

95 

3.062 

14.80 

100 

4.305 

15.08 

105 

5.05 

1 15 39 

110 

5 93 

15.73 

115 

6.94 

16 10 

120 

8.13 

16.52 

125 

9.53 

16 99 

130 

11.14 

17.53 

135 

13 05 

18.13 

140 

15.32 

18.84 

145 

18.00 

19.64 

150 

21.22 

20.60 

155 

25.11 

21 73 

160 

29.87 

23 09 

165 

35.77 

24.75 

170 

43.24 

26.84 

175 

52.90 

29 61 

180 

65.77 

33.04 

186 

83.59 

37.89 

190 

109.80 

45.00 

195 

191.00 

56.20 

200 

220.50 

77.24 

205 

419.00 


210 



212 




Heat Content 
per Pound of 
Dry Air, B.t.u. 

Latent Heat of 
Vapor in One 
Lb. of Dry Air 
Saturated with 
Vapor, B.t.u. 

Heat Content of 
One Lb. of Dry 

Air Saturated with 
Vapor, B.t.u. 

0 000 

0.964 

0 964 

2 411 

1 608 

4 019 

4.823 

2.623 

7.446 

7 234 

4 195 

11 429 

7 716 

4 058 

11.783 

8 44 

4.57 

13 02 

9.65 

5.56 

15 21 

10 86 

6 73 

17.59 

12.07 

8.12 

20 19 

13.28 

9.76 

23.04 

14.48 

11 69 

26 18 

14 97 

12 12 

26 84 

15 69 

13 96 

29 65 

16 90 

16.61 

33 51 

17 38 

17 79 

35.17 

18.11 

19 71 

37.81 

19.32 

23 31 

42 64 

20.53 

27.51 

48.04 

21.74 

32 39 

54.13 

22.95 

38 06 

61.01 

24.16 

44.63 

68.79 

25.37 

52 26 

77.63 

26.58 

61.11 

87.69 

27.79 

71.40 

99.10 

29 00 

83.37 

112.37 

30.21 

97.33 

127.54 

31.42 

113.64 

145 06 

32 63 

132 71 

165.34 

33.85 

155 37 

189 22 

35 06 

182.05 

217.10 

36.27 

214 03 

250.30 

37.48 

252.61 

290.10 

38.69 

299.55 

338.20 

39.91 ; 

357.75 

397.70 

41.12 

431 20 

472.30 

42.33 

526 0 

568.30 

43.55 

651.9 

695 50 

44 76 
45.97 
47.20 

48.40 

49 62 
50.83 
51.39 

826.1 

870.90 
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From equation (430), 


29.92 X y. 
100 + 459.6 


0.755, 


Va = 14.11 cu. ft. per lb. 


Density = — = 0.071 lb. per cu. ft. 

From equation (431), 

C^a = 0.2411 + 0.0000045 (0 + 100) = 0.2416, 

and from equation (432), 

Ha = 0.2416 (100 - 0) - 24.16 B.t.u. per lb. 


469. Saturated Air. — Water, if placed in a vacuum chamber, will 
evaporate until the pressure in the chamber has reached that of vapor 
corresponding to the temperature of the water. If the water is intro- 
duced into a chamber containing dry air the evaporation will proceed 
precisely the same as in the vacuum until the pressure has risen by an 
amount corresponding to the vapor pressure for the temperature. In 
this case, according to Dalton^s law (paragraph 226) each sul)stancc 
will exert the pressure it would if alone occupying the volume, and the 
final pressure will be the sum of that of the vapor and that of the air. 
Air is said to be saturated with moisture when it contains the sat/urated 
vapor of water. . It might be better to say that the space is saturated 
since the presence of air has no effect on the vapor (tlic tempera.tures 
being the same) other than that the air retards the diffusion of watca* 
particles. Perfectly dry air does not exist in nature mioo (waporation 
of water from the earth^s surface causes the atmosphere to bo more or 
less diluted with vapor. 

The weight of saturated water vapor per cubic foot depends only 
on the temperature and not on the presence of air. 

The various properties for air completely saturated wiGi wa4er 
vapor may be calculated by means of equations (430) to (432), and 
Dalton’s law which may be expressed 


in which 


+ P, = P, 


(438) 


Pa = absolute pressure of the diy air in the mixture, inches of 
mercury, 

P® = absolute pressure -of saturated steam at the temperature of 
the mixture, in., 

P = total pressure, which for atmospheric conditions = 29.921. 


Therefore, 


Pa = P- P®. 


( 434 ) 


P® may he taken direci.ly from steam tables. 
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0.755 Ta 


From equation (430), 

F = F. = (435) 

in which 

Va = volume of 1 lb. of dry air (plus vapor to saturate) at pressure 
Pa and absolute temperatui’e Ta, 

F = volume of vapor in 1 lb. of dry air when saturated, cu. ft. 


Evidently tOa = 

in which 

Wa = weight of dry air in 1 cu. ft. of saturated mixture. 

The weight, Wv^ of vapor in 1 cu. ft. of saturated mixture is the 
density of saturated vapor at pressure and temperature Ta. This 
may he taken directly from steam tables. 

Total weight of mixture per cu. ft. = Wa + Wv. 

The weight, w^', of vapor necessary to saturate 1 lb. of dry air, 

= Vw, - VaW,, (436) 

Heat content or total heat in a mixture of 1 lb. of dry air satu- 
rated with water vapor, measured above 0 deg. fahr., and not including 
the lieai of liquid, is 

H' = CpJa + TvWvj (437) 

ill which 

4 = temperature of the mixture, deg. fahr., 

Vv = latent heat of saturated vapor at temperature ta and pressure Pv. 

An application of these formulas to the calculation of the various 
quantities in Table 169 for a temperature of 100 deg. fahr. is given in 
Example 94. 


Exnm/ple 94. Required the following properties of atmospheric air 
cornpUdiCly saturated with water vapor when the temperature of the 
mixt.uro is 100 deg. fahr. : Elastic force or pressure of the vapor and of 
th(^ dry air in tlui mixture, volume of 1 lb. of dry air plus vapor to 
saiAiraie it, weight of dry air and vapor in 1000 cu. ft. of mixture, 
W(ught of watcu* necessary to saturate 100 lb. of dry air, latent heat of 
the va|)or (U)iitent of 1 lb. of mixture and the heat content of 1 lb. 
of dry air saturated wiib vapor. 

PresHurci of vapor in the mixture: 

P^ « 1.931 in. (from steam tables). 

Pressure of dry air in the mixture: 

P P P 

^ « 29.921 - 1.931 = 27.99 in. 
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IfO 160 rso 20 a 2^0 24:0 2 m 28 O SOO 330 Sio 360 

Dry BuTb iTeiiiperature' 

. 642. Psychometric Chart (W. H. Carrier). 
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Volume of 1 lb. of dry air saturated with vapor: 


. _ 0.755 Ta 
“ P -P„ 

_ 0.755 (100 + 459.6) 
29.921 - 1.931 


15.'08 cu. ft. 


Weight of dry air in 1000 cu. ft. of saturated mixture: 

^Ca = , Ap = 0.06634 lb. per cu. ft. 

V d -Lo*0o 

1000 Wa = 1000 X 0.06634 = 66.34 lb. 

Weight of water vapor in 1000 cu. ft. of mixture: 

Wo = 0.002855 lb. per cu. ft. (from steam tables), 
1000 Wo = 1000 X 0.002855 = 2.855 lb. 

Total weight of 1000 cu. ft. of mixture: 

= 66.34 + 2.855 = 69.19+ lb. 

Weight of vapor necessary to saturate 100 lb. of dry air: 

= VWy = VaW„ 

= 15.08 X 0.002855 = 0.04305 lb. per lb. of dry air 
= 0.04305 X 100 = 4.305 lb. per 100 lb. of dry air. 

Total heat of the dry air content, above 0 deg. fahr. : 

Ha = Cr,a (100 - 0 ) 

= 0.2416 X 100 = 24.16 B.t.u. per lb. 

Latent heat of the vapor content: 

TyWy' = 1036.6 X 0.04305 = 44.63 B.t.u. 

Total heat of 1 lb. of dry air saturated with vapor: 

Lf: = Pa + TyWv, 

= 24.16 + 44.63 = 68.79 B.t.u. 


470. Partially Saturated Air. — As previously stated air is said to be 
saturated with moisture when it contains the saturated vapor of water. 
In this condition the weight of vapor per cu. ft. corrcspomls (,o the 
density of saturated steam at the temperature of the mixture. If the 
body of air contains only a fraction of the weight of vapor correspond- 
ing to saturation it is said to be partially saturated and the fraciion 
is called the relative humidity. Partially saturated air in rciality con- 
tains superheated vapor since the temperature of the mixture, which 
is also that of the vapor is higher than that of saturated vapor cor- 
responding to the actual pressure of the vapor in the mixture. The 
water vapor in the atmosphere is usually superheated If a partially 
saturated mixture of air and water vapor is cooled at constant pressure 
the mixture tends to become more and more saturated until at a cetr- 
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tain temperature called the dew point, condensation begins to take 
place. The pressure of saturated vapor corresponding to the dew 
point is substantially the same as the partial pressure of the super- 
heated vapor in the original mixture. 

The relative humidity or degree of saturation is ordinarily deter- 
mined by an instrument called the psychrometer, which consists of two 
thermometers suitably mounted, the bulb of one thermometer being 
covered by a close-fitting wick, which is kept moist, and the other 
being exposed directly to the air. There are two types in general use, 
the station ary,’’ and the “sling.” In the former the two thermom- 
eters are suitably mounted and hung in the shade, and in the latter 
they are whirled at a rate of about 200 r.p.m. The sling psychrometer 
gives more reliable results than the stationary device. The “aspi- 
ration” psychrometer is used when more accurate results are required. 

If the air is saturated, no evaporation takes place from the wet bulb 
and the two thermometers read alike, but if it is only partially satu- 
rated evaporation occurs and the readings of the wet bulb thermometer 
arc lower than those of the dry. Experiment * has shown (1) that 
when an isolated body of water is permitted to evaporate freely in the 
air it assumes the true wet bulb temperature, (2) that the heat content 
of the air and vapor mixture is a constant for a given wet bulb tem- 
perature irrespective of the initial temperature and humidity, and (3) 
that the heat given up by the water and absorbed by the air-vapor 
mixture may be expressed 

'^w{Ww “ epa (i'd "b (td (438) 

in which 

Vw == latent heat of vaporization at wet bulb temperature, tw, B.t.u. 
per lb., 

Ww = weight of vapor in 1 lb. of dry air when saturated at wet bulb 
temperature, tw, lb., 

w = actual weight of vapor contained in 1 lb. of dry air at dry 
bulb temperature, td- 

Cpa and = mean specific heats, respectively, of the dry air and 
vapor l)etw('xui temperatures tu, and td- 

Transposing equation (438) and reducing, 


T ^ pa (,td tn)) 

^ “ Tw — Cp, (fd — D 

For low pressures, 

Cp, == 0.42 + 0.00005 (td - Q. 

♦Willia H. Carrier, Trans. A.S.M.E., Vol. 33, 1911, p. 1014. 


( 439 ) 



1000 


STEAM POWER PLANT ENGINEERING 


At the low pressures under consideratiop Dalton^s law may be 
assumed to hold good for vapors, thus 


in which 


P' = hPa, 



Da’ 


( 440 ) 

( 441 ) 


h == relative humidity at temperature ta, 

D' == actual density of the vapor at temperature ta, lb. per cu. ft. 
Da == density of saturated vapor at temperature ta, lb. per cu. ft. 

P' = hPa = actual pressure of the vapor in the mixture at temper- 
ature ta, 

Pa = pressure of saturated vapor at temperature ta. 


Other notations as previously defined. 

By combining equations (438) to (441) and solving for h (omitting 
a number of negligible factors), Carrier (Trans. A.S.M.E., Vol. 33, 1911, 
p. 1023) has deduced the following expression: 


h 


^ 'p (P - P.) d 1 1 
2800 ~ 1.3j{Jp/ 


{U2y 


2800 ~ 1. 

in which 

P^y = pressure of saturated vapor at wet bulb temperature, in., 

P = barometric pressure, in., 

d = temperature difference between the wet and dry bulb ther- 
mometers. 


Other notations as previously defined. 

Since, according to statement (2), the heat content, IP, of 1 lb. of 
dry air at temperature ta with relative humidiiy h is the saitic as that, 
H, of 1 lb. of dry air at wet bulb temperature, tu,, when complet.ely 
saturated, then 

IP - H - + CpJw (443) 

For any atmospheric pressure Pi, other than P the relative humidity 
will be 

hi = -p-, (444) 

in which 

hi == relative humidity at pressure Pi, 
h = relative humidity at pressure P. 

The values in Figs. 641 and 642 are based on the foregoing analysis. 
An a,pplication of the equations formulas is given in Example 95. 

* Ttiis cxpimsion m for uho in connection with the anpiration pHycIirotncter. For 
the sling psychromeier Huhstitute (2755 - 1.28 4) for (2800 - L3 4). 
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Example 95. Determine the following quantities for partially satu- 
rated atmospheric air if the wet and dry bulb temperatures are 80 and 
100 deg. respectively: relative humidity, pressure of the vapor in. the 
mixture, pressure of dry air and vapor content of the mixture, weight 
of 1000 cu. ft. of mixture, actual weight of vapor in 1 lb. of dry air, 
dew point, and the heat content of the mixture. 

Relative humidity: 


h = 


L ‘ 2800 - 1.3 X 80 J 1.931 

0.42 or 42 per cent. 


Vapor pressure in mixture: 


P' = hPd = 0.42 X 1.931 = 0.811 in. 


Dry air pressure in mixture: 

Pa = P - P' = 29.92 - 0.811 = 29.11 in. 


Volume of 1 lb. of dry air plus vapor content; see equation (435): 

0.755 n 


V = F. = 


Pa 

0.755 (100 -f- 459.6) 
29.11 


14.5 cu. ft. 


Weight of diy air in 1000 cu. ft. of mixture 

= 1000 ^ = 68.96 lb. 

V 14.5 


Weight of water vapor in 1000 cu. ft. of mixture 

= 1000 X h X density of saturated steam at 100 deg. fahr. 
= iOOO X 0.42 X 0.00285 = 1.19 lb. 


Total weight of mixture 

= 68.96 + 1.19 = 70.15. 


Wenght of vapor in 1 lb. of dry air: 

From equation (439) 

1(M7.4 X 0.02226 - 0.2416 X 20 
^ " 1047.4 + 0.429 X 20 


0.0175 lb. 


w may also be closely approximated as follows: 

w = hV X density of saturated vapor at 100 deg. fahr. 
= 0.42 X 14.5 X 0.002855 = 0.0174 lb. 


Total heat in 1 lb. of dry air containing w lb. of vapor at tempera- 
ture td'. 

From equation (443) 

II' = 1047.4 X 0.02226 + 0.2415 X 80 = 42.46 B.t.u. 

IP may also be approximated from the values in Table 169. 

IP - hoat content of the dry air + h x latent heat content of 
saturated vapor at temperature td = 100 
= 24.16 + 0.42 X 44.63 = 42.9 B.t.u. 
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An application of Table 169 and the psychrometric charts in Fig. 
641 is given in Examples 96 and 97. 

Example 96. Atmospheric air at 40 deg. fahr. and relative humidity 
0.80 is to be conditioned to 70 deg. fahr. and relative humidity 0.50. 
Determine the amount of moisture and heat to be added, (1) by means 
of Table 169 and (2) by means of the curves in Fig. 641. 

From Table 169: 

Original moisture content = 0.52 X 0.8 = 0.416 lb. per 100 lb. 
of dry air. 

Final moisture content = 1.578 X 0.5 = 0.789 lb. per 100 lb. of 
dry air. 

Moisture to be added = 0.789 - 0.416 = 0.373 lb. per 100 lb. 
of dry air. 

From Fig. 641 : 

Initial moisture content (intersection of td = 40 and h = 80 per 
cent) = 29 grains per lb. of dry air. 

Final moisture content (intersection of td = 70 and A = 50 per 
cent) = 55 grains per lb. of dry air. 

( 55 2q\ 

^qqq ") “ 0.371 lb. per 100 lb. 

of dry air. (7000 = grains per lb.) 

From Table 169: 

Initial heat content = 9.65 + 0.8 X 5.56 = 14.1 B.t.u. per 11). 

Final heat content = 16.90 4* 0.5 X 13.96 = 23.88 B.t.u. per lb. 
Heat required == 23.88 — 14.1 = 19,78 B.t.u. per lb. of dry air. 

From Fig. 461 : 

Initial heat content (intersection of td = 40 and A = 80 per cemi.) 
gives wet bulb L = 37,5; follow constant tempera, turn line 
ifw = 37.5 until it intersects saturation line A = 100 pov cent; 
trace vertically upward to intersection of '' total heat” line atul 
read from marginal notation 14.1 B.t.u. per lb. 

Final heat content (intersection of td = 70 and A = 40 per (*,ent) 
gives tw = 55.8; follow constant temperature line tw = 55,8 
until it intersects line A = 100 per cent; irac^e vertically up- 
ward to intersection of total heat” line and read 23.88. 

The charts in Figs. 641 and 642 are rc^produced to a grc^atly reduced 
scale and the readings cannot be made with the acaairax^y indicat-<xl 
in the example. In the original charts the wet and diy bulb kan- 
perature can be read to an accuracy of 0.1 degree an<l the otlicr (luan- 
tities proportionately. 

Example 97. Atmospheric air at 90 deg, fahr. and relative humidity 
of 80 per (;ent is to be conditiotiod to 70 cleg, fahr, and 50 per cent 
relative humidity. Determine the tein];)crature io which the original 
mixture mitst be reduced in order to have a relative humidity of 50 
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per cent when heated to 70 deg. fahr. Determine also the amount 
of heat to be abstracted to effect the initial cooling and that to be 
supplied to bring it to the final desired condition. 

Moisture content at td = 90 and h = 0,S = 3.109 X 0.8 = 2.487 lb. 
per 100 lb. of dry air, corresponding dew point = 83 deg. fahr., that is, 
at 83 deg. fahr. condensation begins. 

Moisture content at ta = 70 and h = 0.5 = 1.578 X 0.5 = 0.789 lb. 
per 100 lb. of dry air. Corresponding dew point = 51.8 deg. fahr. 
This is the temperature to which the air must be cooled in order to 
have the required humidity when reheated to 70 deg. fahr. Heat 
content at td = 90 and h = 0.8 = 21.74 + 0.8 X 32.39 = 47.65 B.t.u. 
per lb. 

Heat content at td = 51.8 and A = 1.0 = 21.19 B.t.u. per lb. 

Heat to be removed from water condensed due to cooling from 83 

to 51.8 deg. fahr. = X ^ == 0.42 B.t.u. per lb. 


(This is comparatively small and may be omitted.) 

Total heat to be removed in cooling from initial conditions to 51.8 
deg. fahr. = 47.65 - (21.19 + 0.42) = 26.04 B.t.u. per lb. 

Heat content at td — 70 and h = 0.5 = 16.9 + 0.5 X 13.96 = 
23.88 B.t.u. 

Pleat to be added to retemper from 51.8 to 70 deg. = 23.88 — 21.19 
= 2.69 B.t.u. per lb. 

Those values, neglecting the heat of the liquid, may be taken directly 
from the curves in Fig. 641 as shown in the preceding example. 

Example 98, Evaporative Surface Condenser. — How many cubic 
feet of air and how many pounds of water spray must be forced through 
an evaporative surface condenser of the fan type in order to condense 
1000 pounds of stc^am per hour and maintain a vacuum of 25 inches, 
barometer 29? (Atmospheric air 80 deg. fahr., relative humidity 70 per 
cent.) Idle air and vapor issue from the discharge pipe under pressure 
of 4 inches of water, temperature 120 deg. fahr., relative humidity 
98 per cent. 

Th(^ absolute pressure in the condenser is 29.0 — 25.0 = 4 inches of 


mercury. 

The total heat to be withdrawn in order to cool and condense 1000 
pounds of steam per hour at absolute pressure of 4 inches to 120 deg. 

fahr. iM joOO 11114.8 - (120 - 32)] = 1,026,000 B.t.u. 


Neglocjtiiig radiation and leakage losses, this is the heat to be ab- 
straeted per hour by the air and water spray. 

Air-mpor Mixture Entering Condenser. 

Pressure Pi of the dry air: 

' Pi = 29.0 - 0.7 X 1.0314 = 28.28 in. 

(1.0314 = pressure of saturated vapor at temperature t = 
80. deg. fahr.) 

Volume Vi of 1 lb. of dry air plus its vapor content, equation (435): 




0.755 (459.6 + 80) 
28.28 


14.41 cu. ft. 
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Weight Wi of vapor in 1 lb. of dry air: 

Wi = 0.7 X 14.41 X 0.00158 = 0.0159 lb. 

(0.00158 = density of saturated vapor at k = 80 deg. fahr.) 

Heat content Ha of 1 lb. of dry air above 0 deg. fahr. : 

Ha = Cpah = 0.2414 X 80 = 19.32 B.t.u. 

Latent heat r„ of vapor content in 1 lb. of dry air: 

r. = 0.7 (14.41 X 0.00158 X 1047.4) = 16.68 B.t.u. 

(1047.4 = latent heat of saturated vapor at temperature t = 80.) 

Total heat Hi of mixture in 1 lb. of dry air: 

Hi = 19.32 + 16.68 = 36.00 B.t.u. 

Air-Vapor Mixture Leaving Condenser. 

Pressure P 2 of the dry air: 

P 2 = (29.0 + 0.294) - 0.98 X 3.444 = 25.92. 

(0.294 = value in inches of mercury of 4 inches of water pressure.) 

Volume Vi of 1 lb. of dry air plus its vapor content: 


0.755 (459.6 + 120) 


= 16.89 cu. ft. 


Weight Wi of vapor in 1 lb. of dry air: 

Wi = 0.98 X 16.89 X 0.00492 = 0.08143.'] 

Heat content HJ of the dry air in 1 lb. of mixture: 

Ha' = Cpf = 0.2416 X 120 = 29.00 B.t.u. 

Latent heat r/ of vapor content in 1 lb. of dry air: 

r/ = 10.98 (16.89 X 0.00492 X 1025.6) = 83..53 B.t.u. 
Total heat Hi of the mixture in 1 lb. of dry air: 

Hi = 29.00 + 83.53 = 112.53 B.t.u. 

Heat taken up by 1 lb. of air plus water vapor in passing ilirough 1/ho 
condenser 

= Hi-Hi = 112.53 - .36.00 = 76..53 B.t.u. 

Total weight of dry air passing through condenser 


1,026,000 

76.53 


13,400 lb. per hour. 


Total volume of air-vapor entering the condenser 
= 13,400 X 14.41 = 192,900 eu. ft. 

Water absorbed per lb. of dry air 

= Wi-Wi = 0.08143 - 0.01.59 = 0.06,5.53 Ih. 
Total moisture absorbed or weight of spray to be injected 
= 13,400 X 0.06.5.53 = 878.01b. per hr. 
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For purpose of design it is sufficiently accurate to disregard the actual 
barometric pressure and assume it to be 29.92 inches. With this as- 
sumption the problem may be readily solved by means of Table 169 
or the curves in Figs. 461“2. 

From Fig. 461 (for U = 80 and h = 0.70) : 

Wet bulb = 72.2, Dew point = 69.0. 

Wi~ 107 grains = 0.01531b. 

Hi = 35.5 B.t.u. 

From Fig. 462 (for h = 120 and /12 = 0.98) : 

Wet bulb = 119.4, Dewpoint = 119.2, 

W 2 = 555 grains = 0.0793 lb. 

= 111 B.t.u. 

Moisture absorbed per lb. of dry air, and its vapor content, 

0.0793 - 0.0153 = 0.0641b. 

Heat absorbed per lb. of dry air, and its vapor content, 

H 2 - Hi== 111 - 35.5 = 75.5 B.t.u. 

Since the moisture content per lb. of dry air at dew point is the same 
as that for all conditions of wet and dry bulb temperatures having 
that dew point temperature. 

From Table 169 : 

Wi for dew point 69.0 = 0.0152 lb. 

W 2 for dew point 119.2 = 0.0793 lb. 

Moisture absorbed per lb. of dry air = 0.0793 — 0.0152 = 0.0641 lb. 

Since the heat content or total heat is constant for a given wet bulb 
temperature 

Hi for wet bulb 72.2 = 35.3 B.t.u. 

H 2 for wot bulb 119.2 = 110.5. 

Heat absorbed per lb. of dry air and its vapor content 
7/2 - 7/ - 110.5 - 35.3 = 75.2 B.t.u. per lb. 

These results check substantially with the calculated data. 

Example 99. Determine the quantity of air passing through the 
cooling tower and the weight of circulating water lost by evaporation in 
a surfa,co-condcnsing power plant operating under the following con- 
ditions: Turbines, average load 1000 kw.; average water rate 20 lb. 
per kw-hr.; initial steam pressure 150 lb. abs.; superheat 50 deg. fahr.; 
vacAium 26.92 in.; barometer 29.92 in.; temperature of injection water, 
discharge water and outside air, 70, 100, and 65 deg. fahr., respectively; 
tcAnpcrature of air leaving tower 90 deg. fahr.; wet bulb temperature 
of outside air and air leaving cooling tower 57 and 89 deg. fahr. respec- 
tively. 

Total heat to be abstracted from the steam = 

1000 X 20 (1223 - ^ - 105 + 32) = 19,580,000 B.t.u. per hr. 

* Assumed hoi well temperature. 
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Atmospheric air entering tower; 

From the curves in Fig, 461 (dry bulb temperature 65 deg. fahr. 

and wet bulb temperature 57 deg. fahr.). 

Moisture content of 1 lb. of dry air, Wi = 56 grains. 

Total heat of 1 lb. of dry air, with its vapor content, 

Hi = 24.3 B.t.u. 


Air-vapor mixture leaving tower: 

From the curves in Fig. 461 (dry bulb 90 and wet bulb 98). 
Moisture content of 1 lb. of dry air, == 209 grains. 

Total heat of 1 lb. of dry air, with its vapor content, 

H 2 = 52.8 B.t.u. 

Moisture absorbed by 1 lb. of dry air in passing through the tower 
— W 2 — w = 209 — 56 = 153 grains or 0.02186 lb. 

Heat absorbed by 1 lb. of dry air (plus its initial vapor content) in 
passing through the tower 

= H 2 - H = 52.8 - 24.3 = 28.5 B.t.u. 


Total weight of dry air required to abstract the heat from the circu- 
lating water 


19,580,000 

28.5 


687,000 lb. per hr. 


Volume of 1 lb. of dry air and its vapor content entering tower 


= 0.755 


'459.6 + 65\ 
, 29.54 / 


13.39 cu. ft. 


(29.54 = pressure of the dry air in the mixture = 29.92 — 0.61 X 0.6218; 
0.61 = relative humidity and 0.6218 — pressure of saturahnl vapor at 
65 deg. fahr.) 

Total volume of atmospheric air entering tower 


687,000 X 13.39 
60 


153,000 cu. ft. per min. 
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DATA AND RESULTS OF EVAPORATIVE TEST 

A.S.M.E. Code op 1915 


(1) Test of boiler located at 

To determine 

Test conducted by 


Dimensions. 

(2) Number and kind of boilers 

(3) Kind of furnace 

(4) Grate surface (width length ) * sq. ft. 

(a) Approximatc'width of air openings in grate in. 

(b) Percentage of area of air openings to grate surface per cent 

(5) Water heating surface sq. ft. 

(G) Superheating surface sq. ft . 

(7) Total heating surface sq. ft. 

(а) Ratio of water heating surface to grate surface ( — ) to 1 

(б) Ratio of total heating surface to grate surface. ( — ) to 1 

(c) Ratio of minimum draft area to grate surface 1 to ( — ) 

(d) Volume of combustion space between grate and heating surface, cu. ft. 

(e) Distance from center of grate to nearest heating surface ft. 

Date, Duration, etc. 

(8) Date 

(9) Duration hr. 

(10) Kind and mo of coal 

Average Pressures, Temperatures, etc. 

(11) Steam pressure by gage lb. per sq. in. 

(a) Barometric pressure in. of mercury 

(12) Tcunperature of steam, if superheated deg. 

(a) Normal temperature of saturated steam deg. 

(13) Tcmiperature of feed water entering boiler deg. 

(a) Temperature of feed water entering economizer deg. 

(b) Increase of temperature of water duo to economizer deg. 


♦ Unless otherwise designated this is the total area enclosed within the furnace 
walls projected horizontally. 
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(14) Temperature of escaping gases leaving boiler deg. 

(а) Temperature of gases leaving economizer deg. 

{h) Decrease of temperature of gases due to economizer deg. 

(c) Temperature of furnace deg. 

(15) Force of draft between damper and boiler in. of water 

{a) Draft in main flue near boiler in. of water 

(б) Draft in main flue between economizer and chimney in. of water 

(c) Draft in furnace . . . in. of water 

(d) Draft or blast in ash pit in. of water 

(16) State of weather 

(a) Temperature of external air deg. 

(5) Temperature of air entering ash pit * deg. 

(c) Relative humidity of air entering ash pit per cent 


Quality of Steam. 

(17) Percentage of moisture in steam or number of degrees of 

superheating per cent or deg. 


(18) Factor of correction for quality of steam 

Total Quantities. 

(19) Total weight of coal as fired f lb. 

(20) Percentage of moisture in coal as fired per cent 

(21) Total weight of dry coal ^Itcm 19 X P lb. 

(22) Ash, clinkers, and refuse (dry) 

(A) Withdrawn from furnace and ash pit lb. 

{B) Withdrawn from tubes, flues, and combustion chamber lb. 

(C) Blown away with gases lb. 

(D) Total lb. 

(a) Weight of clinkers contained in total ash lb. 

(23) Total combustible burned (Item 21 — Item 22D) i .lb. 

(24) Percentage of ash and refuse based on dry coal per cent 

(25) Total weight of water fed to boiler §. . . . lb. 

(26) Total water evaporated, corrected for quality of steam (Item 25 

X Item 18) lb, 

(27) Factor of evaporation based on temperature of water entering boiler. . . . 

(28) Total equivalent evaporation from and at 212 dog. (Item 20 X 

Item 27) lb* 


Thermometer should be protected from direct radiation of boik^r and furnace. 
tThe term “as fired” means actual condition including corre(5fc(Kl for 

estimated difference in weight of coal on the grate at beginning and end 
t If either of the two items 22B and 22C is omitted, the fact should bc^ so stated. 
§ Corrected for inequality of water level an<l of steam pressure at beginning and 
end 
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(29) 

(30) 

(31) 

(32) 

(33) 


(34) 

(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

(41) 


(42) 

(43) 

(44) 


(45) 


Hourly Quantities and Rates. 

Dry coal per hour lb. 

Dry coal per sq. ft. of grate surface per hour lb. 

Water evapoxated per hour, corrected for quality of steam lb. 

Equivalent evaporation per hour from and at 212 deg.* lb. 

Equivalent evaporation per hour from and at 212 deg. per sq, ft. 
of water heating surface* lb. 

Capacity. 

Evaporation per hour from and at 212 deg. (same as Item 32) lb. 

(a) Boiler horsepower developed (Item 34 -h 34§) b.hp. 

Rated capacity per hour, from and at 212 deg : lb. 

(a) Rated boiler horsepower b.hp. 

Percentage of rated capacity developed per cent 

Economy-. 

Water fed per lb. of coal as fired (Item 25 -v- Item 19) lb. 

Water evaporated per lb. of dry coal (Item 26 Item 21) lb. 

Equivalent evaporation from and at 212 deg. per lb. of coal as fired 
(Item 28 -f- Item 19) lb. 

Equivalent evaporation from and at 212 deg. per lb. of dry coal 
(Item 28 4- Item 21) lb. 

Equivalent evaporation from and at 212 deg. per lb. of combustible 
(Item 28 ^ Item 23) lb. 


Efficiency. 


Calorific value of 1 lb. of dry coal by calorimeter f. . . 

(a) Calorific value of 1 lb. dry coal by analysis 

(yalorific value of 1 lb. of combustible by calorimeter, 
(a) Calorific value of 1 lb. combustible by analysis . 


Efficiency of boiler, furnace, and grate 

Efficuency based on combustible 

Item 41 X 970.41 


100 X ■ 


Item 43 


B.t.u, 

.B.t.u. 

B.t.u. 

.B.t.u. 


per cent 


per cent 


* The symbol E., ” meaning Units of Evaporation, may be substituted for the 
expression “Equivalent evaporation from and at 212°“. 
t If the calorific value is desired per lb. of coal ‘'as fired, “ multiply Item 42 by 

100 - Item 20 
100 
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Cost of Evaporation. 

(46) Cost of coal per ton of lb. delivered in boiler room dollars 

(47) Cost of coal required for evaporating 1000 lb, of water under ob- 

served conditions dollars 

(48) Cost of coal required for evaporating 1000 lb. of water from and 

at 212 deg dollars 

Smoke Data. 

(49) Percentage of smoke as observed per cent 

(a) Weight of soot per hour obtained from smoke meter per cent 

Firing Data. 

(50) Kind of firing, whether spreading, alternate, or coking 

(а) Average thickness of fire in. 

(б) Average intervals between firings for each furnace during time 

when fires are in normal condition min. 

(c) Average interval between times of leveling or breaking up min. 

(51) Analysis of dry gases by volume 

(a) Carbon dioxide (CO 2 ) per cent 

(b) Oxygen (0) per cent 

(c) Carbon monoxide (CO) per cent 

(d) Hydrogen and hydrocarbons . . . per cent 

(e) Nitrogen, by difference (N) per cent 

(52) Proximate analysis of coal 

As fired. Dry coal, Combustiblo. 

(а) Moisture 

(б) Volatile matter 

(c) Fixed carbon 

(d) Ash 

100 per cent 100 per cunit 100 per c(mt 

(e) Sulphur, separately determined referred to dry coal per cent 

(53) Ultimate analysis of dry coal 

(a) Carbon (C) per cent 

(b) Hydrogen (H) per cerit 

(c) Oxygen (0) per cent 

(d) Nitrogen (N) per cent 

(e) Sulphur (S) per cent 

(f) Ash per cent 

(54) Analysis of ash and refuse, etc. 

(a) Volatile matter per cent 

(b) Carbon per cent 

(c) Earthy matter per cent 


100 per cent 

(d) Sulphur, separately determined per cent 

(e) Fusing temperature of ash ’ deg. 
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(55) Heat balance, based on dry coal 



Dry Coal. 

B.t.u. 

Per Cent. 

(a) Heat absorbed by the boiler (Item 40 X 970.4) 



(6) Loss due to evaporation of moisture in coal 

(c) Loss due to heat carried away by steam formed by the 

burning of hydrogen 

(d) Loss due to heat carried away in the dry flue gases 

(e) Loss due to carbon monoxide 

(/) Loss due to combustible in ash and refuse 

(g) Loss due to heating moisture in air 

(A) Loss due to unconsumed hydrogen and hydrocarbons, to 

radiation, and unaccounted for 

(i) Total calorific value of 1 lb. of dry coal (Item 42) 


100 


If it is desired that the heat balance be based on coal ‘^as fired” or on ‘‘com- 
bustible burned” the items in the first column are multiplied by the proportion 


100 — Item 20 


100 

for “combustible burned, 


for coal “as fired” or by the proportion 


100 — Item 20 
100— (Item 20+Item 24) 


PRINCIPAL DATA AND RESULTS OF BOILER TEST. 


(1) Grate surface (width length ) sq. ft. 

(2) Total heating surface sq. ft. 

(3) Date 

(4) Duration br. 

(5) Kind and size of coal 

(6) Steam pressure by gage lb. per sq. in, 

(7) Temperature of feed water entering boiler deg. 

(8) Percentage of moisture in steam or number of degrees of 

superheating per cent or deg. 

(9) Percentage of moisture in coal per cent 

(1 0) Dry coal per hour - lb. 

(11) Dry coal per sq. ft. of grate surface per hour lb. 


(13) Equivalent evaporation per hour from and at 212 deg. per sq. ft. 

of heating surface lb- 

(14) Rated capacity per hour from and at 212 deg lb. 

( 1 5) Percentage of rated capacity developed per cent 


(16) ISquivalent evaporation from and at 212 deg. per lb. of dry coal lb. 

(17) Equivalent evaporation from and at 212 deg. per lb. of combustible. . .lb. 

(18) Calorific value of 1 lb. of dry coal by calorimeter B.t.u. 

(19) Calorific value of 1 lb. of combustible by calorimeter B.t.u. 


(20) Efficiency of boiler, furnace, and grate per cent 

(21) Efficiency based on combustible per cent 
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DATA AND RESULTS OF STEAM-ENGINE TEST 
A.S.M.E. Code op 1915 

(1) Test of engine located at 

To determine 

Test conducted by 

Dimensions, etc. 

(2) Type of engine (simple or multiple expansion) 

(3) Class of service (mill, marine, electric, etc.) 

(4) Auxiliaries (steam or electric driven) 

(а) Type and make of condenser equipment 

(б) Rated capacity of condenser equipment hp. 

(c) Type of oil pump, jacket pump, and reheater pump (direct or inde- 
pendently driven) 

(5) Rated power of engine 

(а) Name of builders 

(б) Kind of valves 

(c) Type of governor 

1st 2d 3d 

(6) Diameter of cylinders in. 

(7) Stroke of pistons ft. 

(a) Diameter of piston-rod, each end. .in. 

(8) Clearance (average) in per cent of piston 

displacement 

(9) Hp. constant 1 lb. 1 rev hp. 

(a) Cylinder ratio (based on net piston 

displacement) 1 to — 

(h) Area of interior steam surface, .sq. ft. 

(c) Area of jacketed surfaces sq. ft. 

(10) Capacity of generator or other apparatus 

consuming power of engine hp. 

Date and Dukation. 

(11) Date 

(12) Duration hr. 

For other matters relating to the analysis of cngiiKi performance, see treatises on 
thermodynamics. 
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Average Pressures and Temperatures. 

(13) Pressure in steam pipe near throttle, by gage lb. per sq. in. 

(14) Barometric pressure in. of mercury 

(a) Pressure at boiler, by gage lb. per sq. in. 

(15) Pressure in 1st receiver, by gage lb. per sq. in. 

(16) Pressure in 2d receiver, by gage . .lb. per sq. in. 

(17) Pressure in exhaust pipe near engine by gage .lb. per sq. in. 

(18) Vacuum in condenser . in. of mercury 

(a) Corresponding absolute pressure lb. per sq. in. 

(19) Pressure in jackets and reheaters lb. per sq. in. 


(20) Temperature of steam near throttle deg. 

(a) Temperature of saturated steam at throttle pressure deg. 

(?;) Temperature of steam leaving 1st receiver, if superheated deg. 

(c) Temperature of steam leaving 2d receiver, if superheated ... . deg. 

(21) Temperature of steam in exhaust pipe near engine deg. 

(а) Temperature of injection or circulating water entering condenser. deg. 

(б) Temperature of injection leaving condenser deg, 

(c) Temperature of air in engine room deg. 


Quality of Steam. 

(22) Percentage of moisture in steam near throttle or number 


of degrees of superheating per cent or deg. 

Total Quantities. 

(23) Total water fed to boilers lb 

(24) Total condensed steam from surface condenser (corrected for condenser 

leakage) lb. 


(25) Total dry steam consumed (Item 23 or 24 less moisture in steam) lb. 

Hourly Quantities. 

(2()) Total water fed to boilers or drawn from surface condenser per hour. .lb. 

(27) Total dry steam consumed for all purposes per hour (Item 25 

Item 12) lb. 

(28) Steam consunmd per hour for all purposes foreign to the main engine, .lb. 

(29) Dry steam consumed by engine per hour (Item 27 — Item 28) lb. 

(a) Circulating water supplied to condenser per hour lb. 

Hourly Heat Data. 

(30) Heat units consumed by engine per hour [Item 29 X (total heat of 

st( 5 am per pound at pressure of Item 13 minus heat in 1 lb. of water 
at temperature of Item 21)] B.t.u. 
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(a) Heat converted into work per hour B.t.u. 

(h) Heat rejected to condenser per hour (Item 29a X [Item 216 — 

21a]) (approximate) B.t.u, 

(c) Heat rejected in form of uncondensed steam withdrawn from 

cylinders* B.t.u. 

(d) Heat lost by radiation B.t.u, 


Indicator Diagrams. 

1st 2d 3d 
Cyl. Cyl. Cyl. 

(31) Commercial cut-off in per cent of stroke per cent 

(32) Initial pressure above atmosphere lb. per sq. in 

(33) Back pressure at lowest point above or 

below atmosphere lb. per sq. in 

(a) Mean back pressure above atmos- 
phere or zero lb. per sq. in 

(34) Mean effective pressure lb. per sq. in 

(а) Equivalent m.e.p. referred to 1st 

cylinder lb. per sq. in 

(б) Equivalent m.e.p. referred to 2d 

cylinder lb. per sq. in 

(c) Equivalent m.e.p. referred to 3d 

cylinder lb. per sq. in 

(35) Aggregate m.e.p. referred? to each cylin- 

der lb. per sq. in 

(36) Steam accounted for per i.hp-hr. at 

point on expansion line shortly after 

cut-off lb 

(37) Steam accounted for per i.hp-hr. at 

point on expansion line just before 

release lb 

(а) Pressure at selected point near 

cut-off t lb. per sq. in 

(б) Pressure at selected point near 

release lb. per sq. in 

(c) Pressure at point on compression 

curve shortly after exhaust closure lb. per sq. in 

(d) Proportion of direct stroke com- 

pleted at selected point near cut- 
off .... 

(e) Proportion of direct stroke com- 

pleted at selected point near re- 
lease 

(/) Proportion of return stroke uncom- 
pleted at selected point on com- 
pression line 


* In multiple expansion engines. 


t Pressures all referred to ^oro. 
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(g) Ratio of expansion 

(A) M.e.p. of hypothetical diagram 

(App. 27) lb. per sq. in 

(i) Diagram factor (App. 27) 

Speed. 

(38) Revolutions per minute r.p.m. 

(39) Piston speed per minute .ft. 

(а) Variation of speed between no load and full load per cent 

(б) Momentary fluctuation of speed on suddenly changing * 

from full load to half-load per cent 

Power. 

(40) Indicated hp. developed, whole engine i.hp. 

(а) I.hp. developed by 1st cylinder i.hp. 

(б) I.hp. developed by 2d cylinder i.hp. 

(c) I.hp. developed by 3d cylinder i.hp. 

(41) Brake hp br. hp. 

(42) Friction of engine (Item 40 — Item 41) hp. 

(a) Friction expressed in percentage of i.hp. (Item 42 Item 

40 X 100) per cent 

(h) Indicated hp. with no load, at normal speed i.hp. 

Economy Results. 

(43) Dry steam consumed by engine per i.hp. per hr lb. 

(44) Dry steam consumed by engine per brake hp-hr lb. 

(45) Percentage of steam consumed by engine accounted for by 

indicator at point near cut-off per cent 

(46) Percentage of steam consumed near release per cent 

(47) Heat units consumed by engine per i.hp-hr. (Item 30 -r- 

Item 40) B.t.u. 

(48) Heat units consumed by engine per br. hp-hr. (Item 30 

Item 31) B.t.u. 

Epficiency Results. 

(49) Thermal efficiency"of engine referred to i.hp. [(2546.5 -r Item 

47) X 100] per cent 

(50) Thermal officiency of engine referred to br. hp. [(2546.5 4- Item 

48) X 100] percent 


(51) Efficiency of Rankinc cycle between temperatures of Items 20 and 21 . . 

(52) Rankine cycle ratio referred to i.hp. (Item 49 4- Item 51) 

(53) Rankine cycle ratio referred to br. hp. (Item 50 4- Item 51) 

Work Done per Heat Unit. 

(54) Net work per B.t.u. consumed by engine (1,980,000 4- Item 48) — Ft-lb. 
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Sample Diagrams. 

(55) Sample diagrams from each cylinder 

(a) Steam pipe diagrams. 

Note: — For an engine driving an electric generator the form should be enlarged 
to include the electrical data, embracing the average voltage, number of amperes 
each phase, number of watts, number of watt hours, average power factor, etc.; 
and the economy results based on the electric output embracing the heat units 
®and steam consumed per electric hp-hr. and per kw-hr., together with the efficiency 
of the generator. (See table for Steam Turbine Code, Appendix C.) 

Likewise, in a marine engine having a shaft dynamometer, the form should in- 
clude the data obtained from this instrument, in which case the brake hp. becomes 
the shaft hp. 

PRINCIPAL DATA AND RESULTS OF RECIPROCATING ENGIlSrE TEST. 


(1) Dimensions of cylinders 

(2) Date 

(3) Duration hr. 

(4) Pressure in steam pipe near throttle by gage lb. per sq. in. 

(5) Pressure in receivers lb. per sq. in. 

(6) Vacuum in condenser in. of mccury 

(7) Percentage of moisture in steam near throttle or number 

of degrees of superheating per cent or dog. 

(8) Net steam consumed per hour lb. 

(9) Mean effective pressure in each cylinder lb. per sq. in. 

(10) Revolutions per minute r.p.m. 

(11) Indicated horsepower developed i.hp. 

(12) Steam consumed per i.hp-hr lb. 

(13) Steam accounted for at cut-off each cylinder lb. 

(14) Heat consumed per i.hp-hr B.t.u. 
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DATA AND RESULTS OF STEAM TURBINE OR TURBO- 
GENERATOR TEST 

A.S.M.E. Code of 1915 

( 1 ) Test of turbine located at 

To determine 

Test conducted by 

Dimensions, etc. 

(2) Type of turbine (impulse, reaction, or combination) 

(а) Number of stages 

(б) Condensing or non -condensing 

(c) Diameter of rotors 

(d) Number and type of nozzles 

(e) Area of nozzles .* 

(/) Type of governor 

(3) Class of service (electric, pumping, compressor, etc.) 

(4) Auxiliaries (steam or electric driven) 

(a) Type and make of condensing equipment 

(h) Hated (japacity of condensing equipment 

(c) Type of oil pumps (direct or independently driven) 

(d) Typo of exciter (direct or independently driven) 

(e) Type of ventilating fan, if separately driven 

(5) Hated capacity of turbine 

(a) Name of builders 

(r>) (Capacity of generator or other apparatus consuming power of turbine. . . 


Date and Dukation. 

(7) Date 

(H) Duration hr. 

Avebage Pebssubes and Tempebatxjkes. 

(9) Proaeure in steam pipe near throttle by gage lb. per sq. in. 

(10) Barometric pressure in. of mercury 

(a) Pressure at boiler by gage lb. per sq. in. 

Q>) Pressure in steam chest by gage lb, per sq. i^. 

(c) Pressure in various stages lb. per sq. in. 

(11) Pressure in exhaust pipe near turbine, by gage lb. per sq. in. 
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( 12 ) 

(13) 

(M) 


(15) 

(16) 

(17) 

(18) 

(19) 

( 20 ) 

( 21 ) 

( 22 ) 

(23) 


(24) 

(25) 

(26) 

(27) 

( 28 ) 


Yacuum in condenser meicury 

(a) Corresponding absolute pressure 16. per sq, m. 

(5) Absolute pressure in exhaust chamber of turbine lb. per sq. m. 

Temperature of steam near throttle 

(a) Temperature of saturated steam at throttle pressure deg. 

(h) Temperature of steam in various stages, if superheated deg. 

Temperature of steam in exhaust pipe near turbine deg. 

(a) Temperature of circulating water entering condenser deg. 

(t) Temperature of circulating water leavmg condenser deg. 

(c) Temperature of air in turbine room deg. 

Quality of Steam. 

Percentage of moisture in steam near throttle, or number 


of degrees of superheating cent or deg. 

Total Quantities. 

Total water fed to boilers 16. 

Total condensate from surface condenser (corrected for condenser 

leakage and leakage of shaft and pump glands) . . . lb. 

Total dry steam consumed (Item 16 or 17 less moisture in steam). . . .16. 

Houkly Quantities. 

Total water fed to boilers or drawn from surface condenser per hour . .11). 
Total dry steam consumed for all purposes per hour (Item 18 

Item 8) 

Steam consumed per hour for all purposes foreign to the turbine 


(including drips and leakage of plant) 16 • 

Dry steam consumed by turbine per hour (Item 20 — Item 21) lb. 

(a) Circulating water supplied to condenser per hour lb. 

Houkly Heat Data. 


Heat units consumed by turbine per hour [Item 22 X (total heat 
of steam per pound at pressure of Item 9 less heat in 1 lb. of 


water at temperature of Item 14)] B.t.u. 

(a) Heat converted into work per hour B.t.u, 

(t) Heat rejected to condenser per hour (Item 22a X [Item 14?> -« 

Item 14a]) (approximate) B.t.u. 

(c) Heat rejected in the form of steam withdrawn from the turbine, , . B.t.u. 

(d) Heat lost by radiation from turbine, and unaccounted for B.t.u. 

Electkical Data. 

Average volts, each phase volts 

Average amperes, each phase ..amperes 

Average kilowatts, first meter .kw. 

Average kilowatts, second meter ,kw. 

Total kilowatts output ,kw. 
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(29) Power factor 

(30) Kilowatts used for excitation and for separately driven ventilating 

fan 

(31) Net kilowatt output kw. 

Speed. 

(32) Revolutions per minute r.p.m. 

(33) Variation of speed between no load and full load r.p.m. 

(34) Momentary fluctuation of speed on suddenly changing from full 

load to half -load r.p.m. 

Power. 

(35) Brake horsepower, if determined br. hp. 

(36) Electrical horsepower e-hp. 

Economy Results. 

(37) Dry steam consumed by turbine per br. hp-hr lb. 

(38) Dry steam consumed per net kw-hr .lb. 

(39) Heat units consumed by turbine per br. hp-hr. (Item 23 -r 

Item 35) B.t.u. 

(40) Heat units consumed per net kw-hr B.t.u. 

Efficiency Results. 

(41) Thermal efficiency of turbine (2546.5 Item 39) X 100 per cent 

(42) Efficiency of Rankinc cycle between temperatures of Items 13 

and 14 per cent 

(43) Rankine cycle ratio (Item 41 Item 42) 

Work Done per Heat Unit. 

(44) Net work per B.t.u. consumed by turbine (1,980,000 -4- Item 39) ft.lb. 

PRIlSrCIPAL DATA AND RESULTS OF TURBINE TEST. 

(1) Dimensions 

(2) Date 

(3) Duration hr. 

(4) Pressure in steam pipe near throttle by gage lb. per sq. in. 

(5) Vacuum in condenser. in. of mecury 

(6) Pcircontago of moisture in steam near throttle or number 

of degrees of superheating per cent or dog. 

(7) Net steam consumed per hour lb. 

(8) Revolutions per minute r.p.m. 

(9) Brake horsepower developed br. hp. 

(10) Kw. output kw. 

(11) Steam consumed per brake hp-hr lb. 

(12) Heat consumed per brake hp-hr B.t.u. 

(13) Steam consumed per kw-hr lb. 

(14) Heat consumed per kw-hr B.t.u. 
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DATA AND RESULTS OF STEAM PUMPING MACHINERY TEST 
A.S.M.E. Code op 1915 

(1) Test of pump located at 

To determine 

Test conducted by 

Dimensions, etc. 

(2) Type of machinery 

(3) Bated capacity in gallons per 24 hr .. . . . . gtil. 

(4) Size of engine or turbine 

(5) Size of pump 

(6) Auxiliaries (steam or electric driven) 

(а) Type and make of condenser equipment 

(б) Rated capacity of condenser equipment 

(c) Type of oil pump, jacket pump, and rehcater pump (direct 

or independently driven) 

Date and Duration. 

(7) Date 

(8) Duration hr. 

Average Pressures and Temperatures 

(9) Pressure in steam pipe near throttle by gage lb. peu' aq. in. 

(10) Barometric pressure in. of mercury 

(a) Steam chest pressure lb. per sq. in. 

(jb) Pressure in receivers and rehcaters by gage U). per sq. in. 

(c) Pressure in turbine stages by gage lb. per sq. in. 

(11) Pressure in exhaust pipe near engine or turbine by gage lb. pen* sep in, 

(12) Vacuum in condenser in. of mercury 


(а) Corresponding absolute pressure lb. p<'T sq. in, 

(б) Absolute pressure in exhaust chamber lb, per aep in, 

(13) Temperature of steam, if superheated, at throttle d(^g. 

(а) Normal temperature of saturated steam at throttle presHurcs di^g. 

(б) Temperature of steam leaving receivers, if suporhoaied deg* 

(14) Tenaperature of steam in exhaust pipe near engine or turliinc. ..... .deg, 

(a) Temperature of circulating water entering condenflcr deg* 

(5) Temperature of circulating water leaving condenser dog, 
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(15) Pressure in force main by gage lb. per sq. in. 

(16) Vacuum or pressure in suction main by gage. 

in. of mercury or lb. per sq. in. 

(a) Correction for difference in elevation of the two gages . .lb. per sq. in. 

(17) Total head expressed in lb. pressure per sq. in lb. per sq. in. 

(a) Total head expressed in ft ft. 

Quality of Steam. 

(18) Percentage of moisture in steam near throttle, or number of degrees of 

superheating per cent or deg. 

Total Quantities. 

(19) Total water fed to boilers lb. 

(20) Total condensed steam from surface condenser (corrected for con- 

denser leakage) lb. 

(21) Total dry steam consumed (Item 19 or 20 less moisture in steam) ... .lb. 

(22) Total water discharged, by measurement . . gal. 

(a) Total water discharged, by plunger displacement, uncorrected. . . .gal. 

n\ -n 4 . c r fltem 22a — Item 22 ^ 

(h) Percentage of slip [_ X lOOj 

(c) Leakage of pump gal. 

(d) Total water discharged, by calculation from plunger displacement, 

corrected for leakage gal. 

(c) Total weight of water discharged, as measured lb. 

(/) Total weight of water discharged, by calculation from plunger 

displacement, corrected for leakage ; lb. 

Houkly Quantities. 

(23) Total water fed to boilers or drawn from surface condenser per hour 

(24) Total dry steam consumed for all purposes per hour (Item 21 

Item 8) 

(25) 8team consumed per hour for all purposes foreign to main engine. . 

(2()) Dry steam consumed by engine or turbine per hour (Item 24 — 

item 25) 

(a) Circulating water supplied to condenser per hour 

(27) Weight- of water discharged per hour, by measurement 

(a) Weight of water discharged per hour, calculated from plunger 
displacement, corrected 

IIouKLY Heat Data. 

(28) Heat units (jonsumed by engine or turbine per hour [Item 26 

X (total heat of one lb. of steam at pressure of Item 9, less 


heat in one lb. of water at temperature of Item 14)] B.t.u. 

iNDICAtOB DiAGEAMB. 

(29) Mc‘.an e>ffectivc pressure, each steam cylinder. lb. per sq. in. 

(a) Mean effoctivc pressure, each water cylinder, if any lb. per sq. in^ 


. . .lb. 

. . .lb. 
...lb. 

. . .lb. 
. . .lb. 
..lb. 

....lb. 
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Speed and Steoke. 

(30) Revolutions per minute. . . . r.p.m. 

(a) Number of single strokes per minute strokes 

(h) Average length of stroke ft. 

Power. 

(31) Indicated horsepower developed i.hp. 

(a) Brake horsepower consumed by pump 

(32) Water horsepower . . . . ' hp. 

(33) Friction horsepower (Item 31 — Item 32) hp. 

(34) Percentage of i.hp. lost in friction per cent 

Capacity. 

(35) Water discharged in 24 hr., as measured gal. 

(а) Water discharged in 24 hr., calculated from plunger displacement, 

corrected gal. 

(б) Water discharged per minute, as measured gal. 

(c) Water discharged per minute, calculated from plunger displace- 
ment, corrected gal. 

Economy Results. 

(36) Heat units consumed per i.hp-hr B.t.u. 

(37) Heat units consumed per water hp-hr B.t.u. 

(a) Dry steam consumed per i.hp-hr lb. 

(5) Dry steam consumed per water hp-hr lb. 

Efficiency Results. 

(38) Thermal efficiency referred to i.hp. [(2546.5 Item 36) X 100] . . per cent 

(a) Thermal efficiency referred to water hp. [(2546.5 -r Item 37) 

X 100] per cent 

(6) Mechanical efficiency '‘"'O'”'* 

(c) Pump efficiency ^ cent 

Duty. 

(39) Duty per 1,000,000 heat units ft-Ib. 

Work Done pee Heat Unit. 

(40) Work per B.t.u. (1,980,000 -r Item 37) ft4l). 

Sample Diaoeams. 

(41) Sample indicator diagrams from each steam and pump cylinder. ..... . 

Note: — The items relating to indicator diagrams and indicated horsepower are 
to be used only in the case of reciprocating machines , 
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DATA AND RESULTS OF STEAM POWER PLANT TEST 


A.S.M.E. Code of 1915 

(1) Test of plant located at 

To determine .... 

Test conducted by 

Date, Duration, etc. 

(2) Number and kind of boilers (superheaters, if any), engines, turbines, etc. 

(3) Rated capacity of boilers in lb. of steam per hour from and at 212 deg. lb. 


(а) Kind of furnace 

(б) Grate surface sq. ft. 

(c) Percentage of area of openings to area of grate per cent 

(d) Water heating surface sq.ft. 

(e) Superheating surface sq.ft. 


(4) Rated power of engines or turbines 

(a) Dimensions of cylinders of engine 

(b) Dimensions of turbine 

(c) Type of engines or turbines and class of service 

(d) Name of builders 

(5) Type of auxiliaries* 

(a) Dimensions of auxiliaries* 

(6) Type and capacity of condenser 

(7) Opacity of generators, pumps, or other apparatus consuming power of 

engine or turbine 

Date, Duration, etc. 

(B) Date 

(9) Duration. Length of time engine or turbine was in motion with 

throttle open hr. 

(а) Length of time engine or turbine was running at normal speed hr. 

(б) Elapsed time from start to finish hr. 

(10) Kind and bizq of coal. 

* For full particulars see text of Report. 
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( 11 ) 

( 12 ) 

(13) 

( 11 ) 

(15) 

(16) 

(17) 


Aveeage Peesstjres, Temperattjbes, etc. 

Boiler pressure by gage Ib. per sq. in. 

(a) Steam pipe pressure near throttle by gage lb. per sq. in. 

(5) Barometric pressure in. of mercury 

(c) Steam chest pressure by gage lb. per sq. in. 

(d) Pressure in receivers and reheaters by gage lb. per sq. in. 

(e) Pressure in turbine stages by gage lb. per sq. in. 

(/) Pressure in exhaust pipe near engine or turbine lb. per sq. in. 


Vacuum in condenser in. of mercury 

(a) Corresponding absolute pressure lb. per sq. in. 


(6) Absolute pressure in exhaust chamber lb. per sq. in. 

Temperature of steam, if superheated (taken at boiler or super- 
heater) deg. 

(a) Temperature of steam, if superheated (taken at throttle) deg. 

(h) Normal temperature of saturated steam at boiler pressure .... deg. 

(c) Normal temperature of saturated steam at throttle pressure deg. 

(d) Temperature of steam leaving receivers, if superheated deg. 

(e) Temperature of steam in exhaust pipe near engine or turbine .... deg. 

(/) Temperatiue of condensed water in hot-well or feed tank deg. 

(g) Temperature of circulating water entering condenser deg. 

Qi) Temperature of circulating water leaving condenser deg. 

(i) Temperature of air in boiler room deg. 

(y) Temperature of air in engine or turbine room deg. 

Temperature of feed water entering boilers (average) dog. 

(a) Temperature of each feed supply (if more than one) deg. 

(b) ’ Temperature of feed water entering economizer, if any deg. 

(c) Increase in temperature of water due to economizer deg. 

Temperature of escaping gases leaving boiler dog. 

(a) Temperature of escaping gases leaving economizer dog. 

(b) Decrease in temperature of gases duo to economizer deg. 

(c) Temperature of furnace dc‘g. 

Eorcc of draft in main boiler flue in. of 


(a) Force of draft at base of chimney in. of wat.ca- 

(b) Force of draft at each end of economizer in, of water 

(c) Force of draft at individual boiler dampers in. of water 

(d) Force of draft in individual furnaces in. of water 

(e) Force of draft or blast in individual ash pits* in. of water 


State of weather 


(a) Temperature of external air 


deg. 


Quality of Steam. 

(18) Percentage of moisture in steana, or number of degrees of 

superheating per cent or deg, 

(a) Factor of correction for quality of steam 

* If artificial draft or blast is employed, the force of draft or blast at the fan should 
also be given. 
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Total Quantities of Coal and Water. 


(19) Total weight of coal as fired lb. 

(а) Percentage of moisture in coal per cent 

(б) Total weight of dry coal lb. 

(o) Total ash, chnkers, and refuse (dry) lb. 

(e) Percentage of ash and refuse in dry coal per cent 

(f) Total combustible burned (Item 196 ~ 19c) lb. 

(20) Total weight of water fed to boiler from all sources* lb. 

(а) Total water evaporated corrected for quality of steam (Item 20 

X Item 18a) lb. 

(б) Factor of evaporation based on average temperature of water en- 

tering boiler 

(c) Total equivalent evaporation from and at 212 degrees (Item 20a 

X Item 206) lb. 

(21) Coal, as fired, per hour (Item 19 Item 9) lb. 

(а) Dry coal per hour (Item 196 Item 9) lb. 

(б) Dry coal per sq. ft. of grate surface lb. 

(22) Water evaporated per hour (Item 20 Item 9) lb. 

(а) Equivalent evaporation per hour from and at 212 deg lb. 

(б) Equivalent evaporation per sq. ft. of water heating surface lb. 

(28) Dry steam generated per hour (sum of sub-items a to g) (Item 20 
loss moisture in steam -r- Item 9) lb. 

(а) Moisture formed per hour between boiler and engine lb. 

(б) Dry steam consumed per hour by engine cylinders or turbine lb. 

(c) Dry steam consumed per hour by reheaters and jackets, if any. . . .lb. 

(d) Dry steam consumed per hour by air and circulating pump of con- 

denser lb. 

(c) Dry steam consumed per hour by boilcr-feed pump lb. 

(/) Dry steam consumed per hour by other steam-driven auxiliaries . , .lb. 


(g) Dry steam consuraed i)er hour to supply leakage of boilers and 

I)iping betweem boilers and engine (including steam supplied for 
foreign purposes, if any) lb. 

(h) Live steam supplied for heating, or miscellaneous purposes lb. 

(i) Injection or circulating water supplied condenser per hour lb. 


Calobific Value of Coal. 

(24) Calorific value of 1 lb. of coal as fired, by calorimeter test B.t.u. 

(а) Calorific value of 1 lb. of dry coal B.t.u. 

(б) Calorific value of 1 lb. of combustible .B.t.u. 

* If there are a number of supplies of food water, the weight and temperature of 
each supply is to he givcm, and total weight and average temperature ascertained. 
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Houkly Heat Data. 

(25) Heat units in coal as fired generated per hour (Item 21 X Item 24) .B.t.u. 

(26) Heat units consumed by engine and auxiliaries per hour (Item 

22 X total heat of 1 lb. of steam at pressure of Item 11 less heat 
in 1 lb. of water at temperature of feed water supplied to boiler, 

or economizer, if any) B.t.u. 

(a) Heat converted into work per hour B.t.u. 

(5) Heat rejected to condenser per hour B.t.u. 

(c) Heat rejected in steam withdrawn from receivers or turbine- 

stages not used by feed water B.t.u. 

(d) Heat lost by radiation from engine and auxiliaries, including 

piping between boilers and condenser B.t.u. 

(e) Heat lost in operation of boiler, including economizer (if any) 

(Item 25 — Item 26) B.t.u. 

Indicator Diagrams. 

(27) Mean efiective pressure, each cylinder lb. 

(a) Commercial cut-off (in per cent of stroke) each cylinder per cent 

(h) Initial pressure, above atmosphere, each cylinder lb. per sq. in. 

(c) Back pressure at lowest point above or below atmosphere, 

each cylinder lb. per sq. in. 

(d) Steam accounted for per i.hp. per hour at point near cut-off, 

each cylinder lb. 

(e) Steam accoimted for per i.hp. per hour at point near release lb. 

Electrical Data. 

(28) Average kilowatt output, gross kw. 

(a) Volts each phase volts 

(b) Amperes each phase amperes 

(c) Kilovolt amperes kv-a. 

(d) Power factor 

(29) Current used by exciter kw. 

(30) Net kilowatt output (Item 28 — Item 29) kw. 

(31) Revolutions per minute r.p.m. 

(a) Variation of speed between no load and full load r.p.m. 

Power. 

(32) Indicated horsepower i.hp. 

(33) Brake horsepower hr. hp. 

Capacity. 

(34) Water evaporated per hour from and at 212 dogr(^es (same m Item 

22a) ....lb. 

(a) Percentage of rated boiler capacity developed (Item 34 4- Item 

3 X 100) • .per cent 



APPENDIX E 


1027 


(35) 


(36) 

(37) 


(38) 

(39) 


(40) 

(41) 

(42) 

(43) 


(44) 

(45) 


(40) 

(47) 

(48) 


Percentage of rated engine or turbine capacity developed (Item 
32 Item 4 X 100) ... . per cent 


Economy Results. 


Coal as fired per i.bp. of engine per hour lb. 

Coal as fired per brake hp. of engine or turbine per hour lb. 

(а) Dry coal per i.hp. per hr lb. 

(б) Dry coal per brake hp-hr lb. 

(c) Dry coal per kw-hr lb. 

Heat units in coal consumed per i.hp. of engine per hour B.t.u. 

Heat units in coal consumed per brake hp. of engine or turbine 
per hour (Item 37 X Item 24) B.t.u. 

(a) Heat units consumed by engine (including auxiliaries) per 

i.hp-hr . . .B.t.u. 

(&) Heat units consumed by engine or turbine (including auxiliar- 
ies) per brake hp-hr. (Item 26 Item 33) B.t.u. 

(c) Heat units consumed by engine per kw-hr B.t.u. 

Heat units in coal consumed per kw-hr B.t.u. 

Water evaporated per lb. of coal as fired lb. 

(a) Water evaporated per lb. of dry coal lb. 

(h) Equivalent evaporation from and at 212 deg. per lb. of dry coal. . .lb. 
(c) Equivalent evaporation from and at 212 deg. per lb. of combustible . .lb. 

Dry steam consumed by engine alone per i.hp-hr lb. 

(a) Dry steam consumed by auxiliaries per i.hp-hr lb. 


(b) Dry steam consumed by combined engine and auxiliaries per i. hp-hr . lb. 


Dry steam consumed by engine or turbine alone per brake hp-hr lb. 

(a) Dry steam consumed by auxiliaries per brake hp-hr lb. 

(b) Dry steam consumed by combined engine or turbine and auxiliaries 

per brake hp-hr lb. 


Efficiency Results. 

Thermal efificiency of plant referred to ihp. [(2546.5 ^ Item 38) 

X 100] 

Thermal efficiency of plant referred to brake hp. [(2546.5 -f- Item 
39) XlOO] 

(a) Efficiency of boilers (Item 41b X 970.4 X 100 Item 24a) 

(b) Efficiency of engine referred to i.hp. [(2546.5 ^ Item 39a) X 100] — 

(c) Efficiency of engine or turbine referred to brake hp. [(2546.5 -i- 39b) 

X 100] 


Fuel Cost of Powek. 


C3ost of coal per ton of -- — lb dollars 

C3o8t of coal per i.hp-hr.. cents 

Cost of coal per brake hp-hr cents 
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HEAT BALANCE OF STEAM POWER PLANT. 


Per Lb. 
Coal as 
Fired. 


Per Cent. 


(49) Heat units in coal (same as Item 24) 

(50) Boiler losses ^ 

(a) Loss due to evaporation of moisture in coal 

(h) Loss due to heat carried away by steam formed by 

the burning of hydrogen. . 

(c) Loss due to heat carried away in the dry flue gases . 

(d) Loss due to carbon monoxide 

(e) Loss due to combustible in ash and refuse 

(/) Loss due to heating moisture in air 

Ig) Loss due to unconsumed hydrogen and hydrocar- 
bons, to radiation, and unaccounted for 

Qi) Heat supplied steam-driven appliances for operat- 
ing boilers less that recovered by heating feed 
water 

(i) Total boiler losses 

(51) Engine consumption 

(a) Radiation from steam pipe 

Xb) Radiation from engine or turbine 

(c) Heat rejected to condenser 

{d) Heat withdrawn from engine receivers or turbine 
stages or other use than heating feed water . ... 

(e) Heat lost by leakage of steam piping 

(/) Heat converted into work 

(52) Heat in steam supplied for purposes foreign to engine 

or turbine 

Totals (same as Item 49) 


Sample Diageams. 

(53) Sample indicator diagrams from each cylinder of en- 
gine. Also sample steam pipe diagrams 


The boiler output (Item 49 —Item 50f) may be divided into 

(а) Heat units absorbed by water in boiler 

(б) Heat units absorbed by water in economizer 

The quantity;; representing the sum of Items 516, c, and / 

may be divided according to the steam distribution into. . . 

(c) Heat consumed by engine cylinders or turbine alone 

(including rcheators or jackets, if any), i.c., total 
heat supplied to engine or turbine alone less heat rc- 
coverca therefrom by heating feed water 

(d) Heat consumed by steam-driven auxiliaries, i.o., total 

heat supplied to auxiliaries loss heat recovered there- 
from by heating feed water 

The sarne quantity may be divided according to the distri- 
bution of work done by engine or turbine into 

(e) Heat consumed in supplying power lost in friction of 

engine or turbine 

(/) Heat consumed in supplying frictional, electrical, or 
other losses of power delivered by engine or turbine 

shaft 

(g) Heat consumed in supplying useful power delivered by 
engine or i^urbine, whether mechanical, electrical, or 
otherwise 
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Note: — In the case of pumping and' air machinery plants add Hnes under 
the various items as follows: 

For Item (13) 

(/c) Pressure in delivery main by gage lb. per sq. in. 

(l) Vacuum or pressure in suction main 

hy gage lb. per sq. in. or in. of mercury 

(m) Correction for difference in elevation of the two gages. . .lb. per sq. in. 

(n) Total head expressed in lb. pressure per sq. in lb. per sq. in. 

(o) Total head expressed in ft ft. 

For Item (20) 

(d) Temperature of delivery deg. 

(c) Total weight of water discharged, by measurement lb. 

(/) Total weight of water discharged, by calculation from plunger 

displacement, corrected lb. 

(g) Total volume of air delivered, by measurement cu. ft. 

(h) Total volume of air delivered, reduced to atmospheric pressure and 

temperature cu. ft. 

For Item (23) 

(j) Weight of water discharged per hour, by measurement lb. 

(k) Weight of water discharged per hour, by plunger displace- 

ment, corrected lb. 

(0 Volume of water or air delivered per hour, by measurement cu. ft . 

(m) Volume of air delivered per hour, reduced to atmospheric pres- 
sure and temperature cu. ft. 

For Item (31) 

(6) Length of pump stroke ft. 

For Item (33) 

(a) Water (or air) hp hp. 

For Item (35) 

(a) Gal of water discharged in 24 hr. as measured gal. 

(h) Volume of air delivered per minute, reduced to atmospheric 

pressure and temperature • cu. ft. 

For Item (36) 

(a) Dry coal per water (or air) hp-hr. . . . * lb. 

For Item (39) 

(a) Duty per 1,000,000 B.t.u 

J'or Item (45) 

(a) Thermal efficiency of plant referred to water (or air) hp. 

For Item (48) 

(a) Goat of coal per water (or air) hp. 


dollars. 
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PRINCIPAL DATA AND RESULTS OF STEAM POWER PLANT TEST. 

(1) Dimensions of boilers ... 

(2) Dimensions of engine or turbine 

(3) Date 

(4) Duration hr. 

(5) Boiler pressure lb. per sq. in. 

(6) Throttle pressure lb. per sq. in. 

(7) Pressure in receiver or stages lb. per sq. in. 

(8) Vacuum in condenser in. of mercm*y 

(9) Percentage of moisture in steam near throttle or number 

of degrees of superheating per cent or deg. 

(10) Temperature of feed water entering boilers deg. 

(11) Temperature of escaping gases deg. 

(12) Force of draft in. of water 

(13) Coal, as fired, per hour lb. 

(14) Percentage of moisture in coal per cent 

(15) Percentage of ash in coal per cent 

(16) Water evaporated per hour lb. 

(17) Equivalent evaporation per hour from and at 212 deg lb. 

(a) Equivalent evaporation per hour from and at 212 deg. 

per sq. ft. water heating surface lb. 

(18) Steam consumed per hour by engine lb. 

(19) Steam consumed per hour by engine or turbine and auxiliaries Ib- 

(20) Mean effective pressure in each cylinder of engine lb. per s(p in. 

(21) Revolutions per minute r.p.m. 

(22) Indicated horsepower i.hp. 

(23) Brake horsepower* brake hp. 

(24) Coal as fired per i.hp-hr lb. 

(25) Coal as fired per brake hp-hr. * lb. 

(26) Steam per i.hp-hr lb. 

(27) Steam per brake hp-hr.* lb. 

(28) Heat consumed per i.hp-hr B.t.u. 

(29) Heat consumed per brake hp-hr.* B.t.u. 


For pumping engine (water or air) use Water or Air hp. iu place of Brake lip. 
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MISCELLANEOUS CONVERSION FACTORS 


1 Pound per Square Inch = 

2.0355 inches of mercury at 32° P. 
2.0416 inches of mercury at 62° P. 
2.309 feet of water at 62° F. 
0.07031 kilogram per square centi- 
meter 

0.06804 atmosphere 
51.7 millimeters of mercury at 
32° F. 

1 Foot of Water at 62° F. = 

0.433 pound per square inch 

62.355 pounds per square foot 
0.883 inch of mercury at 62° F. 

82L2 feet of air at 62° F. and ba- 
I rometer 29,92 

1 Inch of Water 62° F. == 

0.0301 pound per square inch 
5.196 pounds per square foot 
0.5776 ounce per square inch 
0.0736 inch of mercury at 62° F. 
68.44 feet of air at 62° F. and ba- 
rometer 29.92 

1 Foot of Air at 32° F. and Barom- 
eter 29.92 = 

0.0761 pound per square foot 
0.0146 inch of water at 62° F. 

I Inch of Mercury at 62° F. = 
0,4912 pound per square inch 
LI 32 feet of water at 62° F. 

13.58 inches of water at 62° F, 


1 Atmosphere = 

760.0 millimeters of mercury at 

32° F. 

14.7 pounds per square inch 
29.921 inches of mercury at 32° F. 

2116.0 pounds per square foot. 

1.033 kilograms per square centi- 
meter 

1 Millimeter == 0.03937 inch 

1 Centimeter = 0.3937 inch 

1 Meter = 39.37 indies 

1 Meter = 3.2808 feet 

1 Square Meter = 10.764 square feet 

1 Liter = 

61.023 cubic inches 
0.264 U. S. gallons 

1 Gram = 

1 cubic centimeter of distilled 
water 

15.43 grains troy 
0.0353 ounce 

1 Kilogram = 

2.20462 pou^ids avoirdupois 
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EQUIVALENT VALUES OF ELECTRICAL AND MECHANICAL UNITS 


1 Myriawatt = 

10 kilowatts 

10.000 watts 
13.41 horsepower 

13.597 cheval-vapeur 
13.597 pferde-lcraft 

26,552,000 foot pounds per hour 

8.605.000 gram calories per hour 

3.670.000 kilogram meters per hour 
34,150 B.t.u. per hour 

1.02 boiler horsepower 

1 Horsepower = 

745.7 watts 
0.7457 kilowatt 
0.07457 myriawatt 

1.0139 cheval-vapeur 

1.0139 pferde-kraft 

33.000 foot pounds per minute 
641,700 gram calories per hour 
273,743 kilogram meters per hour 

2,547 B.t.u. per hour 

1 Joule = 

1 watt second 
0.10197 kilogram meter 
0.73756 foot pound 
0.239 gram calorie 
0.0009486 B.t.u. 

1 B.t.u. = 

1054 watt seconds 

777.5 foot pounds 

107.5 kilogram meters 
0.0003927 horsepower hour 


1 Kilowatt = 

0.1 myriawatt 
1000 watts 
1.341 horsepower 
1.3597 cheval-vapeur 
1.3597 pferde-kraft 
2,655,200 foot pounds per hour 
860,500 gram calories per hour 

367,000 kilogram meters per hour 
3,415 B.t.u. per hour 
0.102 boiler horsepower 

1 Cheval-Vapeur or Pferde-Kraft 
75 kilogram meters per second 
0.07354 myriawatt 
0.7357 kilowatt 
0.9863 horsepower 
32,550 foot pounds per minute 
632,900 gram calories per hour 
2,512 B.t.u. per hour 

1 Foot Pouni> = 

1.3558 joules 
0.13826 kilogram meter 
0.001286 B.t.u. 

0.03241 gram calorie 
0.000000505 horsepower hour 

1 Kiloouam-Meter =» 

7.233 foot pounds 
9.806 joules 
2.344 gram calorics 
0.0093 B.t.u, 
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Accessories, boiler, 177-185. 
Accumulator, regenerative, 483. 
Acetylene, fuel properties of, 43. 

Acids in lubricating oils, 782. 

Acme bucket trap, 692. 

Acton relief valve, 773. 

Adiabatic change of state, 974. 
Admiralty metal condenser tubes, 631. 
Amortization, 868. 

Air, Carrier’s chart, 996. 
chambers, 629. 
composition of, 47. 
cooled condensers, 541. 
dchumidifying, 1002. 
density of (table), 280. 
dew point, 998. 
drying loss, 24. 
heat loss due to excess, 61. 
leakage, condenser, 504-655. 
lift, ()76. 

manometer, 826. 
moisture in, 994-999. 
nitrogen in, 47. 
properties of, 991-1006. 
dry, 991. 

partially saturated, 998. 
saturated, 994. 

pumps, 651-662 (see Pumps, Dacuma), 

reeparements for combustion, 47, 92. 

for fuel oil, 92. 

solid fuels, 55. 

space*, in grate bars, 176. 

in boiler settings, 127. 
theor(d/ical combustion requirements, 
47. 

weight per lb. various fuels, 55. 
Alarm, high and low water, 180. 
Allicrger (sondenser, 619. 

Alkalinity, 577. 

Allis-ChalmerB turbine, 473. 

Analyses, (?oal, 23. 
food water, 567. 


Analyses, flue gas, 63. 
fuel oil, 90. 
lubricating oil, 781. 
proximate, 23. 
scale, 567. 
ultimate, 25. 
visible smoke, 188. 

Anchor bolts, steel stacks, 306. 
Anchors, pipe, 728. 

Anderson feed-water purifier, 571. 
Animal fats, 777. 

Annuities, 867. 

Apron conveyors, 254. 

Aqueous vapor in condensers, 505. 
Arches, deflecting, 196. 

Areas of chimneys, 291. 

Argand blower, 328. 

Arithmetic mean temperature, 537. 
Armour Institute, chimney at, 310. 
Ash, combustible in, 66. 
composition of, 24. 
cost of handling, 273. 
fusibility of, 77. 

influence on fuel value of coal, 76. 
Ash bins, 250. 
handling systems, 248-274. 
hoppers, 10. 
pit, 1. 

A. S. M. E. testing codes, 1007-1020. 
boiler, 1007. 
power x)lants, 1023. 
pumping engines, 1020, 
reciprocating engines, 1012. 
turbines and turbo-generators, 1017. 
Attendance, 871. 

Atmospheric condenser, 543. 
feed-water heater, 586. 
heaters, 15, 586. 
relief valve, 8, 773. 
surface lubrication, 789. 

Augment or, Parsons vacuum, 661. 
Austin separator, 683. 
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A-utomatic cut-off, 413. 
damper control, 179. 
injectors, 647. 
non-return valve, 765. 
relief valves, 8, 772. 
temperature control, 752. 

Auxiliaries, 8. 

Available draft, 284. 
hydrogen, 27. 

Avogadro^s law, 52. 

Babcock & Wilcox boilers, 129. 
chain grates, 203. 
superheaters, 229. 

Back connection, boiler, 128. 

Back-pressure, decreasing, 383. 
valves, 5, 773. 

Badenhausen boiler, 139-610. 

Baffles, 8, 196. 

Bagasse as fuel, 38. 

Bagasse furnace, 220. 

Bailey steam meter, 824. 

Balanced draft, 327. 

Banking, coal burned in, 72. 
fires, hand-fired furnaces, 192. 

Baragwanath condensers, 515-523. 
feed water heater, 593. 

Barnard- Wheeler cooling tower, 561. 

Barometric condenser, 517. 
readings, corrections for, 501. 

Baum, oil separator, 685. 

Baumd gravity, 89. 

Bearings, lubrication of, 789. 

Bellis-Morcom engine test, 388. 

Belt conveyors, 263. 

Bends, pipe, 726. 

Bernouillfs theorem, 757. 

Bigelow-Hornsby boiler, 135. 

Billow fuel-oil burner, 135. 

Binary-vapor engine, 398. 

Bins, coal-storage, 250. 

Bituminous coals, 35. 

Blades, turbine, 430-470. 

Bladcless turbine, 498. 

Blake jet condenser, 510, 
powdered-coal furnace, 80. 

Blasts furnace gas, 110. 

Bleeder turbine, 486. 

Blonde efficiently meter, 826, 

Bloomshurg jet, 328. 

Blowers, centrifugal, 33(K308 {mo 


Blowers, soot, 181. 

Blowing off, loss due to, 73. 

Blow-off cocks, 4, 767. 
piping, 769. 
tank, 177. 
valves, 767. 

Blow-offs, 177. 

Boiler, boilers, 115-185. 

A. S. M. E. Code, 1007. 

Babcock & Wilcox, standard, 129. 

Babcock & Wilcox, cross-drum, 13L 

Badenhausen, 139, 610. 

Bigelow-Hornsby, 135. 

blast furnace, 336. 

blow-offs for, 177. 

builders rating, 150. 

capacity of, 163. 

classification, 115. 

combustion rates in, 151-3. 

Commonwealth Edison, 161. 

compounds for, 572. 

control boards, 843. 

corrosion in, 570. 

cost of, 172. 

cross-drum type, 131. 

curves of performance, 165-7. 

damper regulators, 178. 

Delray, performance of, B‘^0. 
down-flow, 133. 
draft loss through, 285-7. 
dry pipe, 128. 
economical loading, 168. 
efficiency of, 154. 
efficiency-capacity relation, 165, 
factor of evaporation, 143, 
flre-box, 118. 

flue-gas tcmpcraturcB in, 164. 
foaming in, 569. 
forced capacity of, 166. 
fuel oil for, 89-1 12. 
furnaces, 190-221. 
fusible plugs for, 181. 
grate surface for, 151. 
heat balance, 71. 
heat losses, 61-75. 
heating surface, 148. 
heat transmission, 144. 
height of chimney for, 298* 
neine, 130. 
high-r)wstirc, 139. 
high water alarm, 180. 
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Boiler, horsepower of, 150. 
inherent losses, 73. 

Kewanee boiler, 118. 
losses, standby, 71. 

Manning, 117. 

Parker, 132. 

perfect boiler, efficiency of, 157. 
performance of, 158. 
rating of, 150. 
return-tubular, 122. 

Robb-Mumford, 121. 
safety valves, for, 768-772. 
Scotch-marine, 119. 
selection of type, 173. 
settings for, 122, 190-221. 
smoke prevention in, 190-221. 
soot removal from, 181. 
steam domes for, 128. 

Stirling, 136. 

superheated steam for, 223-249. 
temperature drop in, 172. 
tests of, 158-165. 
thickness of fire in, 169. 
tube cleaners, 183. 
unit of evaporation, 143. 
vertical-tubular, 116. 

WickcH, 134. 

Bolts, chimney foundation, 306. 

Bone, surface combustion, 112. 

Bourdon pressure gauge, 825. 

Boyle^s and Charles’ law, 503. 

Branch fuel-oil burner, 96. 

Breeching, S, 321. 

Brick chimneys, 308-312 (see Chim- 
neys). 

Bridge wall, 8. 

Bridge wall, double-arch, 196. 

Bristol thcOTnomcters, 828. 

Brown coal, 37. 

Bucket (jonveyors, 257. 
traps, 682. 

Buckets, steam turbine, 430-470. 
Buckeye skimmer, 178. 

Buckeye locomobile, 408. 

Buffalo blowers, 337-347. 

(lonoral Electric Co’s, plant, 924. 
Builders rating, 160. 

Building fires, hand-fired furnaces, 191. 
Bundy separator, 682. 

imp, 693. 

Bunlasrs, coal, 260. 


Burke’s smokeless furnace, 191. 

Burners, fuel-oil, 94-7 (see Fuel oil}. 
powdered coal, 81-7. 

Burning point of oils, 785. 

Bursting strength of pipes, 708. 

Cable car conveyors, 268. 

Caking coals, 35. 

Calorific value, coal, 44. 
fuel oil, 47. 

Capacity, boiler, 163. 
fans, 341-6. 
pipes, 710. 

Carbon, combustion data, 43. 
dioxide, combustion data, 43. 
index to combustion, 54. 
testing apparatus, 835. 
hydrogen ratio, 30. 
monoxide combustion data, 43. 
heat loss due to, 65. 
packing, 464. 

Carnot cycle, 971. 

Carpenter steam calorimeter, 841. 

Carrier’s psychrometric chart, 996. 

Cast-iron pipe, 713. 

Cast-steel pipe, 707. 

Central condensing system, 554, 
oiling system, 798 (see Lubrication), 
station, elementary steam, 1-20. 
Buffalo General Electric, 924. 
Commonwealth Edison, 927. 

Essex, N. J., 914. 
statistics, 845-890. 

Centrifugal fans, 330-348 (see Fans). 
pumps, 664-9 (see PumpSj centrif- 
ugal). 

Chain grates, 203. 

Check valves, 767. 

Chemical analysis, feed water, 572. 
fuel oil, 89. 
fuels, 23-40. 
lubricating oils, 781. 
scale, 567. 

Chemical purification, feed water, 576. 

Chezy’s formula, 288. 

Chicago smokeless settings, 194-9. 

Chimneys, 279-326. 
areas of, 291. 
breechings for, 321. 
brick, 308-312. 
at Armour Institute, 310. 
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Chimneys, brick, core and linings for, 
312. 

cost of, 325. 

Custodis radial, 315. 
materials for, 312, 
radius of statical moments, 313. 
stability of, 313. 
thickness of walls, 308. 
classification of, 296. 
concrete (reinforced), 317-21. 
strain sheet, 321. 

Turneaure and Maurer curves, 320. 
Weber coniform, 318. 

Wiederholt, 317. 
wind stresses in, 320. 
cost of, 325. 

density of gases in, 280. 
draft in, 280. 
eccentricity in, 321. 
efficiencies of, 324. 
equations for design of, 295. 
evas6, 334. 
foundations for, 322. 
general theory, 279. 
guyed, 299. 
height of, 297. 
horsepower rating of, 297. 
oil fuel, 296. 
stability of, 306, 313. 
steel, 299-308. 
foundations for, 300. 
foundation bolts for, 306. 
guyed, 299. 
plates for, 303. 
riveting for, 305, 
stability of, 306. 
wind pressure on, 302. 

Circulating pumps, 672. 

Classification of boilers, 115. 
chimneys, 298-308. 
coals, 30. 
condensers, 508. 
conveyors, 251. 
feed water heaters, 586. 
fuel oil burners, 94. 
fuels, 22. 

powdered coal furnaces, 82. 
pumps, 622. 
steam engines, 4(K). 
rnoh^rs, 814. 
separators, 680. 


Classification of steam traps, 690. 
turbines, 424. 
stokers, 202. 
thermometers, 831. 
testing instruments, 805. 

Claytoffis method, 987. 

Cleaner, tube, 91. 

Cleaning fires, 191. 

Clearance volume, 370. 

Closed heaters, 590-605. 

Coal, 23-56. 
analysis of, 23. 
analysis of various, 32-37, 
air drying loss, 24. 
air requirements for, 56. 
anthracite, 32. 

composition of, 32. 
sizes of, 33. 
ash in, 24. 

available hydrogen in, 27. 
bituminous, 35. 
composition of, 38. 
heating value of, 36. 
sizes of, 77. 
brown, 37. 
bunkers, 250. 
burned in banking, 72. 
caking and non-caking, 35. 
calorimeter, 842. 
calorimetric tests of, 32-38. 
classification of, 30. 
combined moisture in, 27. 
combustible in, 24. 
combustion of, 41. 
composition of, 23. 
conveyors, 248-274 (.scc Conveyors). 
cost of, for power, 872. 
draft requirements for, 284. 
dry, 25. 

Dulong’s fornuila, 45. 
fixed carbon, 24. 

government specifications for pur- 
chjAsing, 909. 

handling machinery, 248-274. 
heat loBHOH in burning, 60-75. 
heating values of, 44. 
hoppers, 274. 
hydrog(m in, 26. 
met(^r, 804. 
moisture in, 23. 
nitrogen in, 49. 
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Coal, powdered, 80-86 (see Powdered coal) . 
products of combustion, 49. 
proximate analysis, 23. 
selection and purchase, 72. 
semi-anthracite, 33. 
semi-bituminous, 34. 
spontaneous combustion, 250. 
storage, 249. 
sub-bituminous, 34. 
total moisture, 27. 
ultimate analysis, 25. 
valves, 276. 
volatile matter in, 24. 
washing, 79. 
weathering, 250. 

Cochrane heater, 587. 

Cocks, blow off, 767. 
try, 2, 180. 

Coefficient of expansion, pipes, 724. 
friction chimney gases, 288. 
steam in pipes, 744. 
water in pipes, 721. 
economizers, 612. 
feed-water heaters, 596. 
superheaters, 239. 

Coil lieatcrs, 592. 

Coke oven gas, 110. 

Coking coals, 35. 

Cold process water purification, 577. 
test lubricating oils, 785. 

Color tost, lubri(;ating oils, 784. 

Column, water level, 180. 

Columbia steam trap, 693. 

Combined moisture in coal, 27. 

Combustible matter in coal, 24. 

Combustion, flamclcss, 112. 
prodiuds of, 49. 
rate of, 151. 
temp(U'aiurc of, 58. 
theory of, 41. 
surface, 112. 

Commcuxual efficiency, 1. 

Cknntnonwealth-Kdison, boiler test, 
161. 

coal and ash system, 261. 
condenser, 552. 
economizer test, 612. 
northwest Unit No. 3, 16, 927. 
pressure drop, steam main, 740. 

Compound engines, 405. 
skuim turbines, 477, 490. 


Compounding, 392. 

Compounds, boiler, 572. 

Compressed air, lubrication, 794. 
Compression in engines, 371. 

Concrete chimneys, 317. 

Condensate, 12. 
pumps, 675. 

Condensation, cylinder, 366. 

Condensers, 499-565. 
aqueous vapor in, 505. 
air for cooling, 542. 
air leakage in, 537, 655. 
air pressure in, 504. 
air pumps for, 651. 

Alberger barometric, 519. 
arithmetic mean temperature in sur- 
face, 537. 
atmospheric, 543. 

Baragwanath surface, 515. 
barometric, 517. 

Blake jet, 510. 
classification of, 507. 
central, 554. 
centrifugal jet, 514. 
choice of, 556. 

C. H. Wheeler, low level, 513. 
circulating pumps for, 672-675. 
Commonwealth Edison, 50,000 sq. ft., 
552. 

cooling water for jet, 520. 
cooling water for surface, 527. 
cost of, 553. 

Dalton's law, 502. 
differential tube spacing, 526. 
dry air surface, 541. 
ejector, 516-8. 

exponential mean temperature, 537. 
evaporative surface, 545, 1003. 
heat transmission in surface, 529. 
hot well depression, 521-534. 
injection orifice, 511. 
injection water, 520. 
jet, 512-523. 

Alberger barometric, 519. 

Blake, 510. 

C. H. Wheeler, 613. 
cooling water for, 520. 
high vacuum, 512-4. 
low-level, 514. 

Tomlinson type, B, 520. 

Weiss counter-current, 518. 
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Condensers, jet, Westinghouse-Leblanc, 

’ 512. 

Wheeler, low-level, 514. 
Worthington low-level, 509. 
Koerting multi-jet, 517. 
location of, 547. 

logarithmic mean temperature dif- 
ference, 507. 

measurement of vacuum, 501. 
multi-jet, 517. 

Orrok, tests by, 534-7. 
parallel flow, 509. 

Fennel atmospheric, 543. 
power gained by use of, 506. 
pressure drop in surface, 526. 
proportions of surface, 540. 
radial flow surface, 526. 
saturated air, 543. 

Schutte ejector, 517. 
siphon, 515. 
surface, 523-547. 
air in, 504, 536, 655. 
air pumps for, 654. 

Baragwanath, 515. 
circulating pumps for, 672. 
circulating water for, 527. 
cleanliness of tubes, 531. 
coefficient of heat transfer in, 530. 
Commonwealth Edison, 50,000 sq. 
ft., 552. 

cooling water calculations, 527. 
cost of, 553. 

critical velocity of water in, 532. 
differential tube spacing, 526. 
dry air, 541. 
evaporative, 545. 
heat transmission in, 532-6. 
hot well depressions in, 534. 

Fennel saturated air, 534. 
proportions of, 540. 
pumping engines, 549. 
saturated air, 544. 
tests of evaporative, 546. 
tests of large surface, 540. 
Wesiinghouse radial flow, 512. 
Wheeler, admiralty, 535. 
surface, 526. 
saturated air, 544. 
tests of, dry air, 542. 
evaporative, 546. 
saturat(Nl air, 544. 


Condensers, tests of, surface, 540. 
Tomlinson barometric, 520. 
volume of condensing chamber^ 511. 
water for, jet, 520. 
surface, 528. 

Weiss counter-current, 518. 
Westinghouse, Leblanc, 512. 

radial flow, 527. 

Wheeler, admiralty, 525. 
low-level jet, 514. 
rectangular jet, 551. 
surface, 526. 

Wheeler, C. H. high-vacuum, 550. 

low-level jet, 513. 

Worthington jet, 509. 

Condensing steam engines, 383. 

steam turbines, 496. 

Conoidal fans, 337-342. 

Control boards, boiler, 843. 

Conversion tables, 1032. 

Conveyors (coal and ash), 249-270. 
apron, 254. 
belt, 263. 
cable car, 268. 
classification of, 250. 

Commonwealth Edison, 261. 
continuous, 252. 
elevating tower, 266. 
flight, 253. 

hoist and trolley, 208. 

Hunt, 262. 
open top, 256. 
pan, 256. 

Peek, 258. 

pivoted bucket, 260. 

Robins, 264. 
scraper, 253. 
screw, 252 
telpherage, 268. 
va<iuuni, 270. 

V-bueket, 257. 

Cooling air, condenserH, 541-560, 
humidifying, 998, 

Go()ling ponds, 558. 
towers, 561, 1005. 
water, 520-560. 

Copper pipes, 707. 

Core and lining cfliimney, 312. 

Corliss engines, 359-41 H. 

Ck)rrosion, 570. 

Cost of l)oilers ainl H(44/ings, 172. 
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Cost of chimneys, 325. 
condensers, 555. 
engines, 416. 

handling coal and ashes, 273. 
mechanical draft, 349. 
pipe flanges, 719. 
power, 845-890 (see Power cost), 
power plants, 850-890. 
pulverizing coal, 87. 
stokers, 222. 
turbines, 486. 

Countercurrent flow, 612. 

Covering, pipe, 721. 

Critical temperature of steam, 944. 

Cross compound engines, 405. 

Cross-over main, 732. 

Curtis turbines, 453-467 (see TurbineSj 
steam ) . 

Curve load factor, 850. 

Custodis chimney, 315. 

Cut-off, point of, 990. 

Cycle, carnot, 971. 

Clausius, 077. 
convcniiional, 982. 

Rankino, 977. 
rect^angular, 982. 
regenerative, 977. 

Cylinder condensation, 3Gt). 

Cylinder cups, 795. 

Cylinder efficiency, 364. 

( 'ylinder lubrication, 794. 

(jylinder ratio, compound engines, 393. 

Dalton’s laws, 502. 

Damper, 8. 

Kitt’s hydraulic, 179. 
loss of draft through, 288. 

''rilden steam actuated, 179. 

Daily Ipad curve, 885. 

I lean v^icuum pump, 652. 

D(^ Laval ccutrifugal pump, 608. 

Hi.(Min:i itirbines, 429, 443. 

Dcdray station, boiler at, 138. 

boiler tost, 160. 

Demand factors, 850-3. 

Density of air and flue gas, 280, 
Der^roeiation, rate of, 861-7. 

Diagram factor, 984. 

Diamond soot blower, 182. 

Diaphragm yalve, 753. 

Differential traps, 696. 


“ Direct ” steam separator, 684. 
Directly fired superheater, 233. 
Disk-valve pump, 627. 

Disk water meter, 810. 

Distillation of feed water, 606. 
Divergent nozzle, 433. 

Diversity factor, 850. 

Domes on steam boilers, 128. 
Double-arch bridge-wall, 196. 
Double-flow steam turbine, 481. 
Down-draft furnace, 198. 

Down spout, 13. 

Draft, available, 284. 
balanced, 336. 
chimney, 280. 

chimney vs. mechanical, 347. 

combined chimney and forced, 335. 

fans for, 337. 

for various fuels, 284. 

forced, 330. 

friction loss, 285-7. 

induced, 332. 

influence on boiler rating, 283. 
influence on rate of combustion, 330. 
loss in boilers, 285-7. 
mechanical, 327-348. 
steam jets, 328. 
theoretical intensity of, 281. 
Drainage of jackets and receivers, 698. 
Drains, office buildings, 804. 

Drips, high pressure, 690. 
low pressure, 688. 
removal of oil from, 785. 
under pressure, 699. 
under vacuum, 699. 

Dulong’s formula, 44. 

Dummy pistons, 478. 

Dunham steam trap, 794. 

Duplex coal value, 276. 
furnace, 215. 
steam pump, 624. 

Dutch ovens, 192. 

Duty, pump, 635. 

Dynamic pressure, 338. 
Dynamometers, 833. 

Economical loading of boilers, 168. 
Economizers (fuel), 607-616. 
coefficient of heat transfer, 612. 
Green, 608. 

heat transmission in, 611. 
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Economizers, proportions in modern 
stations, 613. 

pressure drop through, 610. 
tests of, 615. 
value of, 614. 

Edwards air pump, 654. 

Efficiencies, efficiency (see names of ap- 
paratus in question). 

Ejector condenser, 516. 

Ejector ash, 270. 

Shone, 704. 

Electrical power, cost of, 845-890 (see 
Pomer costs). 

Elementary power plants, 1-20. 
piston engine, condensing, 7. 
non-condensing, 7. 
heat and power, 5. 
turbo-alternator, 10-20. 

Elementary theory (see name of appa- 
ratus). 

Elevating tower, 266. 

Ellison calorimeter, 841. 

Emergency governors (see name of appa- 
ratus in question ) . 
valves, 765. 

Emulsion tests of oils, 787. 

Engines (steam), 352-423. 

A.S.M.E. Code for, 1007-1020. 
binary vapor, 398. 

Buckeye-mobile, 410. 
classification of, 400. 
clearance volume, 370. 
compound, 405. 
cylinder dimensions of, 393. 
jacketing, 390. 

Lentz, 387. 

Manhattan type, 378. 
non-condensing, 407. 
performance curves, 407. 
receiver for, 391. 

Sulzer, 373. 

superheated steam performance, 421. 
table of best performance, 418. 
terminal pressure in, 372. 
compounding, reason for, 302. 
compression, effect of, 371. 
condensers for, 409-565 (see Corv- 
densers). 

condensing, e(!C)nomy of, 383. 
i?ost of, 41(). 

cut-off, most economical, 401, 


Engines, cylinder condensation, loss by, 
366. 

cylinder efficiency, 364. 
decreasing back pressure in, 383. 
economic performance of, 417-21. 
economy at various loads, 388-420. 
effect of moisture on economy, 375. 
efficiencies of, 360-5. 
exhaust, loss in, 376. 
Fitchburg-Prosser, 405. 
friction in, 375. 
heat consumption of, 358. 
heat losses in, 366. 

Herrick rotary, 412. 
high speed, 400-4. 
ideal cycles for, 353, 971. 
initial condensation, 366. 
increasing back pressure, 374. 
increasing economy, methods of, 380. 
increasing initial pressure, 380. 
increasing rotative speed, 382. 
indicated horsepower, 357. 
indicated steam consumption, 357. 
intermediate reheating, 391. 
jacketing, 390. 
leakage loss, 368. 

Lentz, 387. 
locomobile, 408. 
logarithmic diagram for, 368. 
losses in, 366. 

mean effective pressure, 984. 
mechanical efficiency, 3()2. 
medium speed, 404. 
non-condensing, 40()'-1. 

Nordberg uniflow, 394. 
pressure, increasing initial in, 380. 
pumping, 408. 
quadruple expansion, 408. 
radiation losses in, 376. 

Eankinc eyede for, 353, 977. 

Eankinc cy(4(^ ratio, 363. 
receivers for, 39 1 . 
rotary, 410. 
selection of type, 415. 
simple, 400, 

Hkinncr imifiow, *305. 
steam consumption, 357-422. 
superheated steam, 386. 
thermal efficiency of, 360. 
thermodynamics of, 97L-09L 
throttling aa. automatic cut off, 413* 
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Engines, triple-expansion, 408-9. 

types of, 400. 
uniflow engines, 393-8. 

C & G Cooper, 394. 

Nordberg, 394. 
performance of, 395-7. 

Skinner, 395. 
water rate, 357-422. 

Willans line, 357. 
wire drawing, 374. 

Entropy, 951. 

Equation of pipes, 747. 

Essex station, 914. 

Evaporation, 143. 
cooling pond, 558. 
factors of, 143. 
latent heat of, 945. 
rate of, boilers, 149. 
tests of oils, 787. 
total heat of, 945. 
unit of, 143. 

Evas6 stack, 334. 

Exciters, 12. 

Exhauster steam jet, 272. 

Exhaust head, 5. 

Exhaust steam, heat loses in, 376. 

heating plant, 433. 

Expanding nozzle, 433. 

Expansion, loss due incomplete, 371. 
pipe materials, 705. 
ratio of, 934. 
steam, 960-7. 

Expectancy, 876. 

Extra-strong pipe, 807. 

Eac.tor of evaixiration, 143, 

Fan draft, 330. 
cost of, 340. 

Pans ((sentrifugal), 330-348. 
lialancc draft, 335. 

BulTak) conoidal, 337-342. 

planoklal, 342. 

(5«,pacitics of, 346. 

(?Iiara<5t<«iHticB, 340-4h 
efficjiencies of, 349. 
manometric, 344. 
meciuwucjal, 344. 
volumetric, 344* 
forcwl draft, 332. 
liorscf lower of, 341-3. 
inducted draft, 333. 


Fans, planoidal, 342. 
performance of, 338. 
pressures in, 338-9. 
dynamic, 338. 
static, 338. 
velocity, 339. 
selection of, 345. 

Sirocco, 337-347. 
steel plate, 337, 340. 
turbo undergrate, 334. 
types of, 336. 

Feed water, 566. 
analysis of, 567. 
boiler compounds for, 572. 
chemical purification of, 572-583. 
distillation of, 606. 
economy of pre-heating, 584. 
foaming and priming caused by, 569. 
general treatment of, 571. 
hardness measure of, 566. 
heaters, 585-600. 
atmospheric, 586. 

Baragwanath, 593. 
choice of, 616. 
classification of, 585. 
closed, 590-605. 

Baragwanath, 593. 

coefificient of heat transfer, 596. 

coil, 592. 

economizers, 607. 

film, 594. 

Goubert, 591. 

Harrisburg, 592. 
heat transmission, 594-7. 
multi-flow, 592. 

Otis, 593, 

parallel current, 614. 
single-flow, 591. 
steam tube, 593. 
temperature gradient in, 595. 
types of, 590. 

Wainwright, 592. 
water tube, 590. 

Cochrane, 587. 

coeflBicient of heat transfer in, 596. 
coil, 592. 

economizers, 607 {see Economizers). 
exhaust steam, 376-379. 
film, 594. 
flue gas, 607. 

Goubert, 591. 



1042 


INDEX 


Feed water, heaters, Harrisburg, 594. 
heat transmission in, 594-7. 
Hoppes, 340. 
induced, 586. 
live steam, 604. 
multi-flow, 592. 
open, 586-590. 
atmospheric, 586, 

Cochrane, 587. 

Hoppes, 340. 
induced, 586. 
live steam, 604. 
pan surface for, 589. 
primary, 586. 
secondary, 586. 
size of shell, 589. 
temperature rise in, 588. 
through, 585. 
vacuum, 585. 

vs. closed, 600, , 

primary, 585. 
secondary, 586. 
single-flow, 591. 
steam tube, 593. 
impurities in, 255. 
internal corrosion caused by, 570. 
mechanical purification of, 574 
permanent hardness of, 566. 
piping, 754. 

purifiers and softeners, 577-581. 

Anderson system, 581. 
chemicals for, 575. 
cold process, 577. 
cost of, 582. 
hot process, 577. 

Kennicott system, 578. 

Permutit system, 582. 

Scaife system, 579. 

Wc-fu-go, 580. 
regulators, 774. 
scale produced by, 568. 
soap solution for testing hardness, 
566. 

softening, 577-581. 
temporary hardness, 5(36. 
thermal purification of, 574. 
weighing of, <S0(3. 

Fdry radiation pyrometer, 830. 

Filters, oil, 801. 

Film heaters, 504. 

Fire tlucJiUOHS, 170. 


Fire, temperature of, 58. 

Fire box boiler, 1 18. 

File test, oils, 785. 

Fires, banking, 192. 
building, 191, 
cleaning, 191. 

Fisher pump governor, 640. 
Fitchburg-Prosser engine, 640. 
Fittings, pipe, 711-15. 

Fixed carbon, 29. 

Fixed charges, 858. 

Flameless combustion, 112. 
Flanges, pipe, 711-15. 

Flash point of oils, 849. 

Fleming Harrisburg engine, 361. 
Flight conveyor, 253. 

Flinn differential trap, 695. 

Float trap, 691. 

Flow, steam, nozzles, 436. 
pipes, 740. 
water-pipes, 740. 

Flue gas analysis, 40, 63, 835. 
apparatus, 835-840. 

Hempel, 836. 

Little, 837. 

Orsat, 835. 

Sirnmance-Abady, 838. 

Uehling, 839. 

Williams, 83(>. 
composition of, 49. 
heat loss in, 61, 
heaters, 70(5 . 
temperatures of, 164. 

Fly-whcol pumps, 631. 

Foaming in boilers, 5(59. 

Foot valves, 755. 

Forced <;apacitios of boilers, 1(5(5. 
Forced draft, 330. 

Ford gas-steam plant-, 19. 

Foster bacik pn^ssun^ valve, 772. 
prcHHuni regulat.or, 774, 

H«p<‘, rhoaljcr, 231. 

Foumlation bolts, steel stacks, 30(5. 
Foundation, chimney, 322. 
Fountain, spray, 560* 

Four-valve engines tt^sts, 404. 

Free burning coal, 35. 
hydrogen, 27. 
oxygen, 5L 

Friction in engities, 375. 
pipe fittings, 745, 759. 
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Friction in pipes, 746, 757. 

Friction tests of oils, 778. 

Fuel, calorimeters, 842. 

cost of, 972. 

Fuel oil, 89-109. 

advantages of, as boiler fuel, 89. 
air requirements for, 92. 
analysis of, 90. 
atomization of, 101. 

Baume scale for, 89. 
boiler feeding systems, 101-5. 
boiler tests with, 93-100. 
burners, 9F-7. 

Billow, 97. 

Branch, 96. 
llammel, 96. 

Kirkwood, 97. 

Kbrting, 94. 

Peabody, 96. 
tests of, 100. 

Warren, 97. 

chemical properties, 89. 
oiliciencieB of boilers burning, 91 . 
furnaces, 95-9. 
front feed, 90. 
llammel, 98. 

Peabody, 99. 

Government specifications for purchas- 
ing, 108. 

heating value and gravity of, 91. 
jiliysical properties of, 89. 
purchaHC of, 108. 
transportation and storage, 105. 
coal for lioilcr fuel, 94. 

Fuel ratio, 30. 

Fuel, weighing, 804. 

Fu(5l, calorifn^ value of, 47. 

(dassilication of, 22. 
gaseous, 109. 
solid, 22. 

IhielH and cornbtistion, 22-111. 

Furmwse elficiency, 155. 

temperature, 58. 

Furnaces, 190-221. 

B. & W. boilers, 120, 122-40. 
BiwlenhauH(ui boiler, 010. 
bagasse, 220. 

Bur kefs smokeless, 198. 

Ghicago sottingB, 194-9. 

Defray boiler, 138, 
doublcHMXjh bridge-wall, 190. 


Furnaces, down draft, 198. 

Dutch oven, 192. 
efficiency of, 157. 
gaseous fuels, 109. 
green bagasse, 220. 

Hammel oil fired, 98. 
hand-fired, 122-40, 190. 

Hawley down draft, 198. 

Meyer tan-bark, 221. 

Murphy smokeless, 211. 
oil fuel, 95. 

Peabody oil fired, 99. 
powdered coal, 85-7. 

Riley duplex, 215. 
smokeless, 190-210. 
steam jets for, 200. 
stoker-fired, 201-218. 
tan bark, 221. 
twin-fire, 194-5. 
w^astc-heat, 109. 
wing-wall, 197. 
wood refuse, 193. 

Fusible plugs, 181. 

Fusibility of ash, 77. 

Gas burner, Gwynne, 110. 

Gate valves, 763. 

Gauge, pressure, 825. 

water-level, 141, 180. 

Gcbhardt steam meters, 815. 

G-E steam meters, 817. 

Ceipel traps, 694. 

Globe valves, 762. 

Going value, 868. 

Goodenough, properties of steam, 942-9. 
Goubert feed-water heater, 591. 
Government specification, coal, 909. 
fuel oil, 108. 

Governors (see name of apparatus in 
question ) . 

Grashof’s formula, 436. 

Grate bars, 175. 
efficiency, 154. 
surface, 151. 

Grates, fuel loss through, 65. 
rocking, 175. 
stationary, 175. 
traveling, 203. 

Greases, 780. 

Grease extractor, 686., 

Green bagasse furnace, 220. 



1044 


INDEX 


Green chain grate, 208. 
economizer, 607. 

Gumming tests, oils, 783. 

Gutermuth valves, 655. 

Guyed stacks, 299. 

Gwynne gas burner, 1 10. 

Hammel fuel-oil burner, 96. 
furnace, 98. 

Hammer type tube cleaner, 183. 

Hammler-Eddy smoke recorder, 219. 

Hancock injector, 647. 

Hand-fired furnaces, 122-140, 190. 

Hand shoveling, 251. 

Hangers for piping, 728. 

Hardness test, 566. 

Harrisburgh feed-water heater, 594. 

Hartford Boiler Ins. Co. annual report, 
570. 

boiler specifications, 891. 

Hawley down-draft furnace, 199. 

Header, main steam, 734. 

Heat balance, 69, 1011. 

Heat consumption of piime movers, 358, 
492. 

Heat losses, bare pipe, 720. 
combustion of coal, 60-75. 
dry flue gases, 61. 
fuel in ash, 65. 
hydrogen in fuel, 58. 
incomplete combustion, 62. 
inherent, 73. 
moisture in air, 66. 
moisture in fuel, 67. 
radiation, 68. 
preventable, 74. 
visible smoke, 68. 
covered pipe, 721, 

Heat transmission, boilers, 144-7. 
condensers, 529. 
economizers, 611. 
engines, 366. 
feed-water heaters, 594. 
piping, 720. 
superheaters, 238. 
power plants, 4-20. 

Heaters, feed water, 585-600 (see Feed 
water, heMers ) . 

Heating surface, boiler, 148. 

Heating systems, 747-751. 

Paul, 750. 


Heating systems, Webster, 748. 

Heating value of fuels, 44. 

Height of chimneys, 298. 

Heine boiler, 130. 
superheater, 232. 

Heintz expansion traps, 695. 

Hempel pipette, 836. 

Herrick rotary engine, 412. 

Herringbone grate, 175. 

High pressures (boiler), 139. 

High-pressure drips, 690. 

High-speed engines, 401. 

High-water alarm, 180. 

High-vacuum condensers, 512. 
pumps, 655. 

Hoist and trolley, 268. 

Holly loop, 702. 

Hoppes feed-water heater, 340. 
steam separator, 681 . 

Horsepower, boiler, 150. 

Horizontal tubular boilers, 122. 

Hot-well depression, 534. 
pumps, 675. 
temperatures, 521, 538. 

Humidity, relative, 998. 

Hunt coal conveyor, 202. 

Hurling water, 18. 
pumps, 660. 

Hydraulic air pump, 660. 
governors, 459. 
packing, 630. 

Hydrogen, available, 27. 
combustion data, 43. 
determination of, in coal, 27. 
free, 27. 

heat loss, coal, 68. 
net heating value, 44. 
total, 44. 

Hydromoier, Bauin6, HI). 

Hydrostatic lubricator, 796. 

Hygrometry, 998. 

Ideal engine cyeic, 353. 

Ideal feed-water teinpc^raturi^, 358. 

Illinois chain grate, 20'l. 

IrnpoUers for centrifugal pumps, 064. 
fans, 337. 

Impurities in feed water, 255. 

Impulse turbines, 425-14(k 

Inadeciuacy, 861. 

Incomplete combustion, 62. 
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Incomplete expansion, 371. 

Increasing back pressure, 374. 
Independently-jared superheater, 233. 
Indicated horsepower, 357. 
Indirectly-fired superheater, 235. 

Induced draft, 334. 
heaters, 586. 

Inherent furnace losses, 73. 

Initial condensation, 366. 

Injection orifice, 511. 
water, 520. 

Injectors (steam), 645-7. 
automatic, 647. 
performance of, 648. 
positive, 646. 

range in working pressures, 649. 
vs, steam pumps, 650. 

Insurance (power cost), 869. 

Interest charges, 860. 

Intermediate reheating, 391. 

Intermittent oil feed, 789. 

Internal corrosion, 570. 

Isolaled stations, cost of power, 860-879. 

W. H. McElwain Co., 929. 

Isothermal change of state, 963. 

Jackets, steam engine, 390. 

Jet condensers, 512-523 (see Condensers, 
jet). 

pumj)H, 661, 675. 

Jets, steam, 200, 272, 328. 
kinetic (mergy of steam, 435. 
velocity of slioatn, 433. 

Jones underfeed stoker, 212. 

Kcnnicot feed-water purifier, 578. 

water weigher, 807. 

Kent»H’ chimney formula, 296. 

K.eroHenc in boilers, 573. 

Kerr turbine, 448. 

Kewanee boiler, 118. 

K<'.yHtone steam separator, 682. 

Kieley reducing valve, 774, 

Kindling temporaturo of fuels, 41, 
Kirkwood fu(i-oil burner, 94. 

KitJs hydraulic damper, 179. 

Koerting jet. condenser, 517. 

Kdrting fuel-oil burner, 94. 

K'nowh*.s ele<iric geared pump, 643. 

IaIjof, cost of, in power plants, 871. 
Labyrinth packing, 669, 


Lea Degen pump, test of, 669, 

Leakage of air in condensers, 504, 655 
steam in engines, 369. 

Leblanc air pump, 659. 

Lentz superheated steam engine, 387. 

Leyland cylinder cup, 790. 

Life of power-plant appliances, 865. 

Lignite, 37. 

'^Little’’ flue-gas apparatus, 837. 

Live-steam feed-water heaters, 604. 
separators, 679-688 (see Separators, 
steam). 

Load curves, 886. 
factors, 851. 

Locomobile, 408. 

Loew grease extractor, 686. 

Logarithmic diagram, 368, 985. 
mean temperature difference, 507. 

Loop heater, 735. 

Loop, Holly, 702. 
steam, 701. 

Loss of heat, bare pipes, 720. 
combustion of fuels, 60-75. 
covered pipe, 721. 
steam engines, 366. 

Losses standby, 71. 

IjOW-IcvcI jet condenser, 514. 

Low-pressure drips, 688. 
turbines, 479. 

Low-speed engines, 404. 

Low-water alarm, 180. 

Lubricants, 777-787. 
animal fats, 777. 
chemical tests, 781-3. 
acids, 782. 
alkalies, 782. 
effect of heat, 783. 
gumming, 783. 
insoluble in ether, 782. 
insoluble in gasoline, 782. 
moisture, 782. 
sulphur, 782. 
tarry matter, 783. 
graphite, 779. 
greases, 780. 
mineral oils, 778. 
physical characteristics of, 788. 
physical tests, 783-5. 
cold, 785. 
color, 784. 
emulsion, 787. 
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Lubricants, physical tests, evaporation, 
787. 

flash point, 785. 
fire, 785. 

friction, 778, 787. 
gravity, 784. 
odor, 784. 
viscosity, 786. 
qualifications of good, 781. 
solid, 770. 
testing, 781. 
vegetable oils, 777. 
service tests, 787. 

Lubrication, 789-802. 

atmospheric surface, 789-4. 
centrifugal oiler, 791. 
compressed air feed 794. 
intermittent feed, 789. 
gravity oil feed, 792. 
low-pressure gravity feed, 793. 
oil bath, 790. 
oil cups, 790. 
pendulum oiler, 791. 
restricted feed, 789. 
ring oiler, 791. 
splash, 792. 
telescopic oiler, 790. 
central systems, 798-800. 

Curtis turbine, 799-800. 
piston engine plant, 798. 
cost of, 877. 
cylinder, 794-7. 
cylinder cups, 794. 
hydrostatic, 795. 
forced feed, 797. 

Ludlow angle valve, 764. 

Lunkenheimer lubricator, 796. 

Mahler bomb calorimeter,' 842. 

Main exciter, 12. 

Mains, steam, 734. 

Maintcnamie, 869. 

Manornetric efficiency, 344. 

Marks and Davis^ steam i-ablos, 953. 
Marsh boiler feed pump, 628. 

steam pump t-cst, i)33. 

Materials, bri(i< (iiimnoyH, 312. 
pipes arid fittings, 705. 
siiperlieaters, 23(). 

Maximum demand, 852, 

McClave/s argand blower, 166. 


McDaniel float trap, 691. 

Mean specific heat, air, 991. 
gases, 60. 

superheated steam, 949. 
water, 945. 

Mean temperature difference, arithmetic, 

537. 

logarithmic, 536. 

Mechanical boiler tube cleaners, 183. 
draft, 327-350 (see Fans). 
efficiency of fans, 344. 
engines, 362. 
pumps, 632. 

purification of feed water, 574-580. 
stokers, 201-216 (see Stokers). 

Meters, steam, 813-824. 

Bailey, 824. 
classification of, 814. 

Gebhardt, 814. 

G-E, 817. 

Republic, 820. 

St. Johns, 823. 

Methane, combustion dafn, 43. 

Meyeris tanbark furnace, 221. 

Mineral oils, 778. 

Missing quantity, 366. 

Mixed-pressure turbines, 479. 

Moisture, air, 994. 
combined, 27. 
fuel, 26. 

steam, 679, 943. 
total, 27. 

Mollic'r diagram, 956. 

Mulil-stago cen(,rifugal pumps, 666. 

steam turbines, 425, 453. 

Murphy furna(;e, 21 1. 

Myriawatt, d(if., 1031. 

Napier's rule, flow of st(^a,m, 77L 
Natural draft, chimmy, 280. 

cooling tow(U’, 501. 

Natural gas, i)r(>p(a4leH of, 109. 

Nitrogen, in air, 47. 
in coal, 47. 
propc.rties of, 43, 

Non-condemsing, (mgine k«tH, 447, 422. 
plants, t‘lom(miary, 2. 
exhaust heating, Paul systom, 750. 

Webster sysficm, 748, 
feed-water hcuiting, 754, 

Non-return valves, 765. 
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Nordberg uniflow engine, 394. 

Nozzlesj divergent, 433. 
expanding, 433. 
expansion ratio, 436. 
flow of steam through, 435. 

water through, 7^8. 
friction in, 437. 
mouth error of, 436. 
steam turbine (see name of turbine). 

Nugent’s telescopic oiler, 790. 

Obsolescence, 861. 

Oil, burners, 96-99. 
fuel, 89-109 (see Fuel oil). 
piping, 798. 
relay governor, 451. 
separators, 685. 

Oiling systems, 789-802 (seeLuhricatioji). 

Oils, 777-787 (see Lubricants). 

Open heater vs. closed, 600. 

Open heaters, 596-590. 

Open-top conveyor, 256. 

Operating costs, 869. 

Opiiicial pyrometer, 829. 

Oriflce measurements, 812. 
size of inic<4ion, 511. 

Orifices, flow of V^tcam through, 435. 
flow of wai,er through, 757. 

Orrok, leasts by, 534-7. 

Orsat apparatus, 835. 

Otis heater, 593. 

Output and load factor, 849. 

Ovens, Dutch, 192. 

Overfeed stokers, 207. 

Overlunul (fliargos, 858. 

Overload c-apacity, boilers, 163. 

Oxygen, in air, 47. 
in coal, 23. 
in fhio_ gases, 51. 
properties of, 43. 

( )xygen4iydrogen ratio, 31. 

Packing, pump, 630, 

Ptuuflc bight & lOlec, Co., power cost, 881. 

Pan (?onv(\yor, 25(). 
surfacie, open Iwutier, 589. 

Parallel current (sondonser, 508. 

I*arallol flow, oconomizers, 612. 

Parker boiler, 132. 

Ikirr coal calorimeter, 842. 

Farwons vacuum augmenter, 661. 


Paul exhauster, 751. 
steam heating system, 751. 

Peabody oil burner, 94. 
oil furnace, 99. 

Peat, 37. 

Peck conveyor, 258. 

PenbCrthy injector, 647. 

Pendulum oiler, 791. 

Pennel evaporative condenser, 543. 

Permanent statistics, power plant, 847 

Permutit feed-water purification, 583, 

Pipe, pipes, 705-720. 
anchors, 728. 
and fittings, 705-720. 
bends, 725. 
expansion, 725. 
minimum dimension, 726. 
boiler tubes, 711. 
brass, 707. 

bursting strength of, 708. 
capacity per foot length, 710. 
cast-iron, 706-713. 
cast-steel, 707. 
copper, 707. 
coverings, 721. 

heat loss through, 721. 
drains, 688. 
drawings, 705. 
equations, 747. 
expansion, 724. 
flanges, 711-715. 

American Standard, 715. 
cost of, 719. 
types of, 712. 
fittings, 711-715. 
flow of steam in, 740. 
flow of water in, 757. 

American Standard, 715. 
flanged, 711. 

resistance, steam flow, 746. 
resistance, water flow, 757. 
screwed, 709. 
friction in, 745, 758. 
heat conduction through, 720. 
materials for, 705. 
presvsure drop in, 746, 757. 
riveted, 708. 
screw threads for, 709. 
size of, 707-710. 
steel, 706-10. 
supports, 728. 
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Pipe, Van Stone joint for, 713. 
welded joints for, 718. 
wrought iron, 706-9. 
bursting pressure, 708. 
corrosion of, 707. 
double extra strong, 708. 
extra strong, 708. 
large O. D., 708. 
standard, 708. 

Piping, 705-751. 
blow-off, 769. 
condenser, 548-554. 
duplicate system, 731. 
exhaust steam, 747. 
feed water, 754. 
heating systems, 748-751. 
Paul, 750. 

Webster, 748. 

high-pressure steam, 730-742. 

oil, 798-800. 

loop in ring header, 735. 

single header, 733. 

spider system, 732. 

steam, examples of, 731-742, 

Pistons, water, 630. 

Pitot tubes, 338. 

Pivoted-bucket conveyors, 260. 

Polytropic change of state, 967. 

Ponds, cooling, 558. 

Pop safety valves, 770. 

Poppet-valve engine, 390. 

Positive injectors, 646. 

Powdered coal, 80-88. 
advantages of, 80. 
burners, 81-84. 

Blake, 84. 
forced draft, 82. 

Mann, 83, 
natural draft, 82. 

Rowe, 82. 

XJnitcd Combustion Co., 83, 
cost of preparing, 87. 
fineness for boiler fuel, 87. 
furnaces, 84-7. 

Am. Locomotive Co., 86. 
depreciation of, 88, 
efficiency of, 88. 

Mann, 85. 

M. K. & T. shops, 87. 
storing, 87. 

Power costs, 845-800. 


Power costs, amortization, 868. 
attendance, 871. 
apartment building, 879. 
bibliography, 888. 
central stations, 870-881. 

Commonwealth Edison, 870. 

Delray Power House, 857. 

Fort Wayne Municipal, 877. 

Illinois, 873. 

Iowa statistics, 882. 

Massachusetts, 872, 875. 

Pacific Light & Electric, 881. 
curve load factor, 850. 
demand factors, 850-3. 
depreciation, 861—7. 
diversity factor, 850. 
expectancy, 867. 
flat rates, 849. 
fixed charges, 858. 
fuel costs, 872. 
general remarks, 857. 
going value, 868. 
inadequacy, 861. 
insurance, 869. 
interest, 860. 
isolated stations, 878-9. 

initial cost, 8(50. 
labor, 871. 

life of equipment, 865. 
load factors, 851. 
locomobile plants, 876. 
maintenance, 8(>0. 
manufacturing plants, <884. 
maximum deman<I, 852. 
obsolescen (?e, 86 1 . 
oil, waste, etc., 877, 
operating costs, 8(59. 

records, 847. 

outx)ui. and loarl factor, 849. 
perma.nent si.aliisilcH, 847- 
piston engiuo plants, 880. 
records, 845. 
repairs, 877. 
sinking fund, 866. 
station load fa<5t.or, 850. 
steam heating, H78. 
straight lines eleprecnation, 863. 
t.axcH, 869. 

turb()-<dectric plants, 873-880. 
unit rate, 849. 

Power driven pumps, 644. 
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Power measurements, 832. 

Power plant design, elements of, 881. 

Power plants, A.S.M.E., testing codes, 
1023. 

elementary, l'-20. 
transmission losses, 20. 
typical central stations, 914-928. 
typical isolated stations, 929-991. 

Powers thermostat, 753. 

Pressure drops in, boilers, 286-9. • 
condensers, 526. 
economizers, 612. 
piping, steam, 744, 746. 
water, 758. 

Pressure regulator, 774. 

Pressures, high boiler, 380. 

Preventable combustion losses, 74. 

Primary heaters, 586. 

Products of combustion, 49. 

Properties of, air, 991-1006 (see Air, 
properties of), 
fuel oil, 90. 
gases, 111. 
lubricating oil, 788. 
sii<5am, 942-971 («cc properties 

of)- 

Proximate analysis of, 23. 

I’Hy(dirometri<; (‘hart, 996. 

PuIs<nnoter, 674. 

Pump gov(5rnor, 639. 

Pumping engine tests, 409. 

Pumps, 622, 

air, 651 662 Pumps, vacuum), 
air cluunlxirs for, 629. 
air lifi., 676. 
boiler-feed, 624-50. 

(wntriftigal, 674. 
direclz-acting, 624. 
dupl(«, 624, 

Marsh, 628. 
simplex, 628. 

Hiz(^ of, 638. 

steam-end, duplex, 626, 
tests of, 632-3. 
valv(^-gear, duplex, 626. 

(hwsifiesation of, 622. 
cenMfngal, 664“9. 
boiler-feed, 674. 
characteristics of, 66S-74. 
circulating, 672. 
condensate, 675. 


Pumps, centrifugal, hot-well, 675. 
impellers for, 664. 

Lea-Degen, test of, 669. 
multi-stage, 666. 
performance of, 668-74. 
power requirements, 673. 
Pees-roturbo, 653. 
single stage, 665. 
turbine, 666. 
vacuum service, 651-62. 
volute, 669. 

Worthington, 3-stage, 666. 
circulating, 672. 
condensate, 675. 
condenser, 651-662- 
Dean wet-vacuum, 652. 
dry vacuum, 658. 
duplex piston, 624. 
duty of, 635. 

Edwards air, 654. 
efficiencies of, 639. 
electric driven piston, 643. 
fly wheel, 631. 
geared piston, 644. 
governors for, 639. 
high vacuum, 655. 
hot-well, 675. 
hurling water, 660. 
hydraulic air, 660. 
injector, 645-7 (see Injectors). 
jet, 622, 674. 

Knowles electric, piston, 643. 
Leblanc, air, 659. 
outside packed plunger, 630. 
packing for piston, 630. 
performance of, 632, 
plungers for, 630. 
power requirements of, 633-74. 
pulsometer, 674. 
reciprocating piston, 624-650. 
air, 651 (see Pumps, vacuum), 
air chambers for, 629. 
boiler-feed, 624-30. 
compound duplex, 627, 
duplex, 624. 
duty, 635. 
efficiencies, 632. 
electric driven, 643. 
fly-wheel, 631. 
geared, 644. 
governors, 639. 
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PumpSj reciprocating piston, Knowles 
electric, 633. 

Marsh simple, 628. 
outside packed, 631. 
performance of, 632. 
piston packing, 630. 
plungers, 630. 
power driven, 644. 
simplex, 628. 
size of boiler-feed, 638. 
slip, 638. 
steam end, 626. 
tests of, 632. 
water end, 630. 

Rees-roturbo, 653. 
screw, 672. 
rotary, 670. 
rotrex, 655. 
simplex steam, 628. 
slip in, 638. 
steam, 624->40, 
tail, 657. 
tests of, 632. 

Thyssen, 659. 
triplex, 644. 
turbo-air, 660. 
vacuum, 651-'662. 
air handled by, 656. 
centrifugal-hydraulic, 659. 

Dean, 652. 
dry, 658. 

Edwards, 654. 
hurling water, 659. 
hydraulic, 659. 

Leblanc, 659. 
performance of, 663. 
radojet, 661. 

Rees-roturbo, 653, 
rotrex, 655. 
size of, 655. 

ThyKSsen, 659- 
turbo-air, 060. 
wet, 651. 

Wheeler, 658-660. 

Worthington, 659. 
wet-vacxiuin, 651. 

Wheeler rotrex, 655. 
iairbo-air, ()6{), 

Worthingi.on hydraulic vjwnuim, 660, 
iw()-Htag(^ vacutnn, 658. 

PurchaHing coal, 75, 909, 


Purchasing fuel oil, 108. 

Purification, feed-water, 574-583. 
Purifiers, live steam, 604. 

Purifying plants, feed-water, 574-583, 
Pyrometers, air, 828. 
optical, 829. 
radiation, 830. 
resistance, 829. 
thermo-electric, 828. 

Quadruple-expansion engines, 408. 
Quality of steam, 942. 

Radial brick chimneys, 317. 

Radial flow condensers, 526. 

Radiation, heat transmitted by, 144. 
Radiation losses, boilers, 68. 
engines, 376. 
pyrometers, 800. 

Radius of statical moment, 313. 

Radojet pump, 661. 

Rankine cycles, 363, 977-982. 

Rate of combustion, 151. 
depreciation, 861. 
driving boilers, 163. 

Rating of boilers, 150. 

Ratio of expansion, 393. 

Rateau regenerator-accumulator, 483. 

installations, 482. 

Reaction turbines, 467, 481, 

Receiver rchcaters, 391. 

Reciprocating engines, (>24, ()5() (.svic 
Enginci^f deam) . 

Records, power planti, 845. 

Recording apparatus (.see name, of a,fh 
paratiis in gnedion), 

Redondo plant, overaJl, efficiicney, 10. 
Reduction g('ars, 446- 
Recs-Roturbo pump, 653, 

Regenerator accumulator, 483. 
Regulators, damptu’, 179. 

Reinfore.ed (;<)n(‘.r(d.e cliimiu^ys, 317, 
f(‘ed wai(^r, 774% 

Reli(4 valves, 777, 

Rc^pairs, cost of, 877. 

Riipublic flow meteor, 820, 

H(d;urn traps, 697. 

Return-tubular boilers, 1,22. 

Hpoeirie-atiorw for, 891. 

Roturns tank, 703. 

Rhode Island pow<'.r-!Kmse, iwh-haiitlling^ 

263. 
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Riley stokers, 166, 214. 

Ring oilers, 791. 

Ring steam jet, 328. 

Ringelmann smoke chart, 217. 

Riveted joints, chimney, 305. 

Robb-Mumford boilers, 121. 

Robins belt conveyor, 264. 

Rochester forced-feed lubricator, 797. 

Roney stoker, 207. 

Rotary engines, 410. 
pumps, 670. 

Rotrex air pumps, 655. 

Rowe coal dust feeder, 821. 
feed-water regulator, 82. 

Safety plugs, 181. 

Safety valves, 770. 
capacity of, 771. 
dead weight, 770. 
lever, 770. 
pop, 770. 

Saturated air, properties of, 994. 
surface condensers, 543. 

Saturated Ht.eam, properties of, 942-960 
(,s‘cc properties of). 

Sawdust as fuel, 38. 

Scaife h^CHl-wat/Cr purifier, 579. 

Sc^ale, iuiidysis of boiler, 567, 
influ(uu;e on heat transmission, 569. 
methods for removing, 574. 

o _( p > f o(Hl-waior regulator, 64 2 . 

Schmidt independent superheater, 234. 

Schulte ejector condenser, 517. 

Sc.hwoerer superheater, 231, 245. 

Scjioio Valhiy Traction Co., coal-handling 
sysiiern, 269. 

Scotch marine boiler, 119, 

Scraper conveyors, 252. 

Screw (‘.onveyors, 252. 
pump, 672. 

S(u*ewed fittings, 709. 

Seation coal valve, 277. 

Sc^*.ondary heaters, 586. 

Sog(5r clones, 83 L 

Scjmhanthraciie coals, 33. 
l)ituminouH coals, 34. 

Hei)arating (ialorimeters, 841 

Saparators, 679-688. 
liv(^ steam, 679-"686, 

Aust.in, 683. 

Bundy, 682. 


Separators, live steam, classification of, 
680. 

“Direct,” 684. 
efficiency of, 680 
exhaust heads, 687. 

Hoppes, 681. 

Keystone, 682. 
location of, 684. 

Stratton, 681. 
tests of, 680. 
types of, 680. 
oil, 685-7. 

Baum, 685. 

Loew, 686. 

Service tests, lubricants, 787. 

Settings, boiler, 122, 190-221. 

Shaking grates, 177. 

Shone ejector, 704. 

Side feed stokers, 211. 

Simmance-Abady flue-gas recorder, 838. 
Simplex coal valve, 276. 

steam pumps, 638. 

Sinking fund, 860. 

Single-stage pumps, 665. 

turbines, 429. 

Siphon condensers, 515. 

traps, 696. 

Sirocco blowers, 337. 

Skimmer, Buckeye, 178. 

Skinner uniflow engine, 395. 

Slip expansion joint, 728. 

Slip in pumps, 638. 

Smoke, cause of visible, 189. 
chart, 217. 

chemical elements in visible, 188. 
determination of, 217. 
distribution in Chicago, 190. 
Hammler-Eddy recorder, 219. 
loss due to visible, 68, 187. 
prevention, 187-216. 
recorder, 219. 

Ringelmann chart, 217. 
solids in visible, 188. 
units, 219. 

Smokeless furnaces, 184-9 (see Furnaces), 
Soap, standard solution, 566. 

Softeners, feed-water, 577-581. 

Solid lubricants, 770. 

Solids in visible smoke, 188. 

Soot blowers, 181. 

Soot, loss due to, 69. 



1052 


INDEX 


Space, air, in boiler settings, 127. 

in grate bars, 176. 

Specific gravity, Baum6, 784. 
fuel oils, 784. 
lubricating oils, 89. 

Specific heat, air, 991. 
gases, 60. 

saturated steam, 997. 
superheated steam, 947. 
water, 945. 

Specific volume, saturated steam, 943. 

superheated steam, 943. 

Specifications, typical boiler, 891. 
Government coal purchase, 910. 
piping for central station, 898. 

Speed, economy of increasing, 382. 

measurements of, 832. 

Spider system of piping, 732. 

''Spiro” turbine, 499. 

Splash lubrication, 792. 

Spontaneous combustion, 250. 

Spray fountain, 559. 

Sprinkling stokers, 216. 

Stability, brick chimneys, 313. 

steel chimneys, 306. 

Stacks, 279-326 {see Chimneys). 

Standby losses in boilers, 71. 

Station load factor, 878. 

Steam, boilers, 115-185 {see Boilers j 
steam). 

calorimeters, 840-843. 
condensers, 499-565 (see Condensers). 
consumption of engines, 417-424. 
pumps, 032. 
turbines, 488-490. 
domes on boilers, 128. 
electric power plants, power cost, 845- 
890. 

engines, 352-423 {see Engines, steam). 
flow in pipes, 740. 
through divergent nozjslos, 433, 
noiszles, 436. 
orifices, 435, 
gauges, 825. 
jet/ blower, 328. 
jets, 200, 328. 
loop, 702. 
mains, 734. 
piping, 705-750. 

properties of sat/urated and super- 
heated, 942-960. 


Steam, properties of saturated and 
superheated, entropy, 951. 
heat of liquid, 944. 
latent heat, 946. 

Mollier diagram, 659. 
notations, 942. 
quality, 943. 
specific heats, 947. 
standard units, 942. 
tables, saturated, 953. 

superheated, 957. 
temperature-pressure, 943. 
pumps, 624-640 {see Pumps). 
separators, 679-688 {see Separators). 
traps, 690-700 {see Traps, steam). 
tube heaters, 593. 

turbines, 424-500 {see Turbines, 
steam ) . 

Steel chimneys, 299-308. 

concrete chimneys, 317-321. 

Stirling boiler, 137. 

superheater, 230. 

St. John^s steam meter, 823. 

Stokers, 201-216. 

Babcock & Wilcox, 204. 
chain grates, 203. 
cost of, 222. 
front feed, 207. 

Green, 207. 

Illinois, 204. 

Jones, 212. 
mechanical, 201. 

Murphy, 211. 
overfeed, 207. 

Kiloy, 214. 

Honey, 207, 
side-feed, 211. 
sprinkling, 216. 

Swift, 216. 

Taylor, 213. 
underfeed, 210. 

Wilkinson, 209. 

Stop valves, 761, 

Storage, coal, 70L 
fuel oil, 105. 

Straighlz-flow engines, 393. 

line depreciation, 863. 

Straw, fuel value, 38. 

Stres8-Ht/tain diagram (Turneaute and 
Maurer), 320. 

Sub-bituminous coal, 35. 
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Sulphur, combustion data, 43. 
in coal, 32-36. 

in lubricants, determination of, 782. 
in visible smoke, 188. 

Sulzer engine, 373. 

Superheat, advantages of, 223. 
economy of, 225, 386. 
limit of, 226. 

Superheated steam, properties of, 942- 
960. 

Superheaters, 227-248. 

Babcock & Wilcox, 229. 
coefficient of heat transfer in, 239. 
flooding device for, 230. 

Foster, 231. 

heat transmission in, 238. 

Heine, 232. 

independently fired, 235. 
integral, 229. 
maintenance of, 237. 
materials for, 236. 
performance of, 242-8. 

Schmidt, 234. 

Scbwoerer, 231, 245. 

Stirling, 230. 

temperature range of gases in, 242. 
types of, 227. 

Superheating moisture in air, loss due 
to, 66. 

surface, materials for, 236, 

(extent of, 238. 

Supports, pipe, 728. 

Surfa(5e blow, 78. 

Surface combustion, 112. 

Surfa<50 condensers, 523-547 {aee Con- 
iknmn). 

Surface, cooling for condensers, 532. 
heating for l)oilers, 148. 
economizer, 611. 
fee<l-water heaters, 694. 
Buperheaters, 238. 

Suspended boiler s(^tting, 125. 

Swift sprinkling stoker, 216. 

'rachometerB, 833. 

Tail pipe, 15, 657. 

Taiibark, fuel value, 38. 

furimoc, 221* 

Tmk, blow off, 177. 
returns, 703. 

Tarry matter in lubricants, 783. 


Taxes, 869. 

Taylor underfeed stoker, 213. 

Telescopic oiler, 790. 

Telpherage, 268. 

Temperature, combustion, 58. 
drop in boilers, 172. 
entropy diagram, 987. 
flue gas, forced ratings, 36, 283. 
gradient in economizers, 612. 

in heaters, 595. 
initial, influence of, 169. 
kindling, fuels, 41. 
measurements, 827. 
pressure, steam, 943. 
regulators, 752. 

Temporary hardness, feed waters, 566. 

Terminal pressures, engines, 372. 

Terry steam turbines, 444. 

Tesla bladeless turbine, 498. 

Tests, air pump, 663. 

A.S.M.E. Codes, boiler, 1007,. 
engines, 1012. 
power plants, 1023. 
pumping machinery, 1020. 
turbines, 1017. 
blowers, 342-346. 
boilers, 158-170. 
condensers, 540. 
cooling ponds, 560. 
cooling towers, 563. 
economizers, 615. 
engines, 402-423. 
fuel-oil boilers, 93, 167. 

burners, 100. 
injectors, 648. 
lubricants, 779-788. 
pipe coverings, 721. 
pumps, 633-675. 
separators, 680. 
spray fountain, 560. 
steam jets, 329. 
superheaters, 243-248. 
turbines, 489-490. 

Thermal efficiency, engines, 360. 
purification, feed water, 574. 

Thermodynamics, elementary, 960-999. 
change of state, adiabatic, 964. 
constant heat content, 964. 
equal pressure, 960. 
equal volume, 962. 
isothermal, 963. 
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Thermodynamics, change of state, poly- 
tropic, 967, 
ideal cycles, 971-990. 

Carnot, 971. 

Clausius, 977. 
conventional diagram, 983. 
logarithmic diagram, 985. 

Rankine, 977-982, 
rectangular, 982. 
regenerative, 976. 
temperature-entropy, 987. 
properties of steam, 942-959. 
steam turbine, 426. 

Thermometers, 827. 

Thermostat, powers, 752. 

Thickness of fire, 170. 
brick chimney, 308. 
steel chimney plates, 308. 

Throttling calorimeter, 840. 
moisture evaporated by, 964. 
energy loss due to, 964. 
vs. automatic cut-off, 413. 

Thrust bearing, 463. 

Thyssen vacuum pumps, 659. 

Tilden damper regulator, 179. 

Tomlinson condenser, 520. 

Total moisture in fuel, 27. 

Towers (cooling), Barnard- Wheeler, 561. 
C. H. Wheeler, 562.' 
tests of, 563. 

Traps (steam), 690-700. 
bucket, 692. 

Acme, 692. 
classification, 690. 
differential, 695. 

Flinn, 696. 
siphon, 696. 
dumps, 692. 

Bundy, 693. 
expansion, 693-5. 

Columbia, 693. 

Dunham, 694. 

Goipcl, 694. 

Ileintiz, 695. 
float, 691. 

McDaniel, 601. 
loc;atic)ii of, 696. 
rcfnrn, 697. 

Hhono ejcc4)or, 704 
tyiXJH of, 69 L 


Traveling coal hoppers, 275. 
grates, 203. 

Triple-expansion engines, 408. 

Triplex pumps, 644. 

Try cocks, 3, 180. 

Tube cleaners, 180. 

Turbine pumps, 664. 

Turbine tube cleaners, 180. 

Turbines (steam), 424-500. 
advantages of, 486. 

Allis-Chalmers, 473. 

A.S.M.E., testing code, 1017. 
bleeder, 486. 

bucket friction loss in, 443. 
buckets, velocity diagram, 440-478. 
carbon packings for, 464. 
classification of, 424. 
compound cylinder, 460. 
compound pressure, 425. 
compound velocity, 425. 
cost of, 486. 

Curtis, 453-467. 
assembly of valve gear, 4()1. 
carbon paciking, 4f>4. 
elementary theory, Iffl. 
emerge n(iy governor, 4(>L, 
hydraulic governor, 459. 
main controlling governor, 459. 
main operating govca'nor, 45(8. 
noziisle and bhwio arrangeincnfl., 455. 
performance of, 490. 
single stage, 454. 
steam belt arc^a, 45(8. 
steam valve gear, 462. 

30,0()0-kw. (jompound (‘ylindcir, 460. 
throttling governor, 45(1 
thrust Ixuiring, 463. 

12,5()()-kw. single cyliiahu’, 457. 
velocity diagram, 4(>5. 
water cooknl bewaring, 4()3. 

Do Laval, 429* 443. 
mulU«velocity-Hi(ag(^, 448. 
single-stage^ impulses, 429. 
blade asseatibly, 430. 
elementary thtM>ry, 432. 
mmde, 431. 

theoretical expanding nos^»lc%, 433. 
vclcHuty diagram, 440. 
double-flow, 481. 

(iconotny of spacse, 487, 
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Turbines, efficiencies of, 488. 
effect of vacuum on, 496. 
effect of superheat on, 494. 
elementary theory, 426. 
exhaust steam, 479. 
heat consumption of, 492. 
high initial pressure in, 496. 
impulse, 425. 
compound pressure, 448. 
compound velocity, 447. 
design of multi-stage, 464. 
design of single stage, 482. 
nozzle proportions, 436. 

Kerr, 448-453. 
bucket fastening, 450. 
eight-stage assembly, 449. 
elementary theory, 452. 
nozzle and vanes, 450. 
oil relay governor, 451. 
labyrinth packing for, 473. 
low pressure, 479. 
maintenance and attendance, 487. 
mixed pressiiro, 479. 
rnulti-siagc, 451. 
overload (Opacity, 488. 
performance of, 490. 

Ilankino cycle ratio of, 490. 
reaction, 467-481. 
blading for, 470. 
drum diainetor ratio, 4()8. 
ekunentary theory of, 477. 
end thrust in, 468. 
grouping of stages, 468. 
WestinghouHC, 4()0. 
reduction gears for, 446. 
rcigulaiion, 488. 

Spiro,'’ 499. 

Hlearn (sonHumpidon of, 490. 
superheat in, 494, 

Terry, 444-453. 
condensing unit, 453, 
elcuncmtary theory, 446. 
non-condensing unit, 444. 
reversing chambers, 445. 

Tesla bladtdesH, 498. 
ic^st/H of, 488-494. 

Westinghotise, 446-486. 

Idade arrangement, 467. 
blade fastening, 468. 
bleeder, 486, 


Turbines, Westinghouse, compound cyl- 
inder, 477. 

performance of, 484, 490. 
direct governor control, 472. 
double-flow, 476, 481. 
dummies for, 468. 
elementary theory, 477. 
high-pressure non-condensing, 469, 
impulse, 446. 
reduction gear, 446. 
reversing chamber, 446. 
impulse-reaction, 475. 

Iab3ninth packing, 473. 
mixed pressure, 485. 
oil relay governor, 470. 
oil relay valve-gear, 471. 
performance of low-pressure, 484. 
performance of 30,000-kw., 490. 
single-flow reaction, 467. 

Turbo air pumps, 18, 660. 
alternator plants, 10, 914. 
electric plants, power costs, 872-880. 

Turneaure and Maurer, stress diagram, 
320. 

Turner oil filter, 802. 

Twin fire-arch furnace, 194. 

Uchling composimeter, 839. 

Ultimate analysis, 25. 

Underfeed stokers, 210. 

Uniflow engines, 393-8. 

C. & H. Cooper Co., 394. 

Nordberg, 394. 
performance of, 395-7. 

Skinner, 395. 

Unit of evaporation, 143. 

Units, conversion, 1031. 
smoke, 219. 

Universal calorimeter, 841. 

United Combustion Co. coal-dust feeder, 
83. 

Useful life of power plant apparatus, 865. 

Vacua, influence of, on engine economy, 
383. 

influence of, on turbine economy, 496. 

Vacuum ash conveyor, 270. 
augmenter, Parsons, 661, 
chambers, 629. 

corrections for standard conditions, 
601. 
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Vacuum, degree of, as affected by air, 
504. 

as affected by aqueous vapor, 505. 
beaters, 585. 

high condensers, 512, 523. 

pumps, 651-~662 {see Pumps, vacuum). 

Valves, angle, 764. 
atmospheric relief, 773. 
automatic stop, 765. 
back pressure, 772. 
blow-off, 767. 
check, 766. 
diaphragm, 753. 
disk, 775, 776. 
emergency, 765. 
foot, 775. 

’ gate, 763. 
globe, 762. 

Gutermuth, 655. 
non-return, 765. 
pressure regulating, 774. 
pumps, 627. 
reducing, 774. 
safety, 768. 
stop, 761. 

Van Stone joint, 713. 

V-bucket conveyor, 257. 

Vegetable oils, 777. 

Velocity diagrams (see name of apparatus 
in question). 
through blowers, 341. 
nozzles, 435, 758. 
pipes, 740, 758. 

Venturi meter, 811. 

Vertical tubular boilers, 116. 

Viscosity of oils, 786. 

Visible smoke, loss due to, 68, 187. 

Volatile matter in coal, 24. 

Volumetric efficiency, 344. 

Volute centrifugal pump, ()()4. 

Vulcan soot cleaner, 182. 

Wainwright fuel-water heater, 592, 

Wall brackets, piping, 729, 

Wanner optical pyrometer, 829. 

Warren fuel-oil burner, 97, 

Washed coal, 79. 

Waste-heat boilers, 109, 336. 
gases, 109. 

Water, alkalinity of, 577, 


Water, analysis, 566. 
acidity, 577. 
columns, 180. 
condensing, 521, 527. 
cooling systems, 558. 
flow of, in pipes, 758. 
friction coefficient in pipes, 759. 
gauges, 141, 180. 
hardness of, 566. 
measurements of, 806. 
meters, 806. 

purifying plants, 577-581. 
rates, prime mover {see name of ap- 
paratus) . 

softening plants, 577-581. 
vapor, thermal properties of, 942- 
959. 

Weathering of coal, 250. 

Weber concrete chimney, 318. 

Webster feed-water heater, 587. 
steam heating system, 750. 
vacuum valve, 749. 

We-Fu-Go purifying system, 580. 
Weighing fuel, 804. 
water, 806. 

Weight of air per poutid of various fuc^ls, 
55. 

boiler compound nec-ossary, 575. 
guyed steel chimneys, 299, 300. 

Weir measurements, 809, 

Weiss barometer coiukuiser, 518, 

Welded pipe flanges, 718. 

Westinghouse (iondenser, 587, 

Leblanc air pumps, 659. 
turbines, 44r)-48(). 

Wet air or va<uium pumps, 65 L 
Wheeler (;oudeus(‘r, 5M 525. 

cooling tower, 5(H. 

Wheeler, G. IL, air purtip, (>58. 
con(l(ins(U’, 5 1 3. 
cooling i.ow(*r, 562. 

White Star oil filter, 80 L 
Wickes Ixiiler, 134. 

Wknffirholt (dunmey, 317. 

Wilcox water w(4gluu\ 808. 

Wilkinson stoker, 209. 

Willans line, 357. 

Williams flm^-gas apparatus, 83CI. 

Wind prewure, 302, 

Wing-wall fuma<*.e, 197, 
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Winslow boiler, 139. 

Wire drawing, 374, 964, 

Wood, fuel value of, 39, 
refuse furnace, 193. 

Worthington hydraulic vacuum pump, 
660. 

jet condenser, 509. 

multi-stage centrifugal pump, 666. 


Worthington water meter, 809. 

weight determinator, 807. 
Wrought iron pipe, 706, 707. 


Yonkers power house piping, 736. 


Zinc, use of, in boilers, 573. 
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